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ABSTRACT 
 
SPECTROSCOPY AND PHOTO-INDUCED CHEMISTRY OF ATMOSPHERICALLY 
SIGNIFICANT CRIEGEE INTERMEDIATES AND HYDROXYL RADICALS 
Fang Liu 
Marsha I. Lester 
 
Criegee intermediates, carbonyl oxide species important in alkene ozonolysis reactions in the 
atmosphere, have eluded characterization until very recently.  Four prototypical Criegee 
intermediates, CH2OO, CH3CHOO, (CH3)2COO and CH3CH2CHOO, were generated by 
photolysis of gem-diiodo compounds and subsequent reaction with oxygen in a quartz capillary 
tube reactor prior to free jet expansion.  The Criegee intermediates were ionized using fixed-
frequency vacuum ultraviolet (VUV) radiation and detected in a time-of-flight mass spectrometer.  
Ultraviolet (UV) excitation of the Criegee intermediates on very strong * transitions 
localized on the COO group induced significant depletion of the ion signals near the peak of 
broad absorption profiles, indicating rapid excited state dynamics.  The UV depletion spectra and 
corresponding absorption cross sections were evaluated, and utilized with the solar actinic flux to 
estimate the atmospheric lifetimes of Criegee intermediates with respect to photodissociation. 
Combining the UV and VUV excitation enabled resonance enhanced multiphoton ionization 
detection of hydroxyl (OH) radicals via the A2Σ+ state.  The intensities of OH A-X (1,0) 
transitions detected by ionization have been compared with those obtained by laser-induced 
fluorescence (LIF) to calibrate the new method for state-selective detection of OH radicals.           
Energized Criegee intermediates produced in alkene ozonolysis are known to be a significant 
source of OH radicals in the atmosphere.  The underlying mechanism for 1,4-hydrogen transfer 
 
v 
 
from alkyl-substituted Criegee intermediates to vinyl hydroperoxide, and subsequent dissociation 
to OH radicals has been examined in detail.  Infrared excitation was used to activate CH3CHOO 
and (CH3)2COO Criegee intermediates and drive the hydrogen transfer process leading to OH 
products, which were detected.  Infrared excitation in the CH stretch overtone region yielded 
infrared action spectra of the Criegee intermediates, an upper limit for the effective barrier 
heights to reaction, and insights on the unimolecular decay dynamics to OH products.  Lastly, 
stabilized vinyl hydroperoxide species have been generated via a carboxylic acid-catalyzed 
tautomerization of alkyl-substituted Criegee intermediates.  Using deuterated formic or acetic 
acid, three prototypical vinyl hydroperoxides, CH2=CHOOD, CH2=C(CH3)OOD and 
CH3CH=CHOOD, were detected directly for the first time by means of VUV photoionization 
mass spectrometry. 
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CHAPTER 1 
Introduction 
 
Hydroxyl (OH) radicals play a central role in atmospheric, combustion, and interstellar 
environments.  It has long been identified as a key oxidant that initiates the breakdown of most 
trace species in the lower atmosphere, and is therefore often termed the atmosphere’s detergent.1  
The spectroscopic properties of the OH radical and its sensitive detection are of great significance 
for investigations of atmospheric chemistry.2  The most common scheme extensively employed to 
detect OH is laser-induced fluorescence on the well-characterized A2Σ+–X2Π band system.3-5  The 
robustness of this technique enables wide applications in laboratory and field measurements6, 
however, its use is precluded in many modern experimental methods, such as time-of-flight mass 
spectrometry (TOF-MS) detection, which provides mass selectivity not available in fluorescence 
measurements.  A state-selective ionization method for OH radicals is desirable that allows for 
further ion manipulation and collection.7 
A novel 1 + 1ʹ resonance enhanced multiphoton ionization (REMPI) detection scheme for OH 
radicals is presented in Chapter 2.  The spectroscopic approach combines initial excitation on the 
well-characterized A 2Σ+–X 2Π band system with vacuum ultraviolet (VUV) ionization via 
autoionizing Rydberg states that converge on the OH+ A3Π ion state.  Jet-cooled REMPI spectra 
on the (1,0) and (2,0) bands show anomalous rotational line intensities, while initial excitation on 
the (0,0) band does not lead to detectable OH+ ions.  The onset of ionization with the (1,0) band is 
attributed to an energetic threshold; the combined UV + VUV photon energies are above the first 
member of the autoionizing OH A3Π, nd Rydberg series.  Comparison of the OH 1 + 1ʹ REMPI 
signal with that from single photon VUV ionization of NO indicates that the cross section for 
photoionization from OH A2Σ+, vʹ = 1 is on the order of 10−17 cm2. 
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Further characterization of this 1+1′ REMPI scheme for OH X2Π radicals is described in Chapter 
3 for a broad range of intermediate A2Σ+ (v = 1, J, Fi) levels.  The intensities of OH A-X (1,0) 
transitions detected by subsequent fixed-frequency VUV ionization are compared with those 
obtained by near simultaneous laser-induced fluorescence (LIF) measurements.  The ratios of the 
1+1′ REMPI to LIF signals are used to derive enhancement factors which reflect the VUV 
absorption to the OH+ A3Π, 3d, v = 0 Rydberg state and/or the fast autoionization process that 
yields OH+ ions.  The determination of the enhancement factors permits 1+1′ REMPI to be 
utilized as a quantitative state-specific probe of OH X2Π radicals. The 1+1′ REMPI scheme has 
been thereafter applied in later TOF-MS studies to sensitively probe OH as reaction product.8,9 
The dominant production of OH in the daytime is generally believed to be from photolysis of 
ozone to produce O(1D), which subsequently reacts with water:1,2 
O3 + hν (<340 nm) → O(1D) + O2       (1) 
O(1D) + H2O → 2OH         (2) 
Atmospheric field measurements under high NOx conditions also suggested a significant 
contribution to daytime OH budget (up to 50%) from photolysis of nitrous acid:2,10 
HONO + hν (305-405 nm) → OH + NO       (3) 
In contrast to these photolytic sources, the principal nonphotolytic source of atmospheric OH 
radicals is alkene ozonolysis, which contributes significantly to the tropospheric OH budget in 
low light conditions, especially at night and winter time.  Recent field studies demonstrate that 
this pathway is responsible for approximately one third of OH production in the daytime, and 
essentially all of the smaller, yet appreciable, OH radical concentration at night.2,11 
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Ozonolysis is the dominant removal pathways for atmospheric alkenes, which are introduced into 
the atmosphere from both anthropogenic and biogenic sources1,12 and make up a significant 
fraction of volatile organic compounds (VOC) in the Earth’s troposphere.12  Ozonolysis proceeds 
by initial addition of ozone across a C=C double bond to yield a primary ozonide, followed by 
rapid decomposition to a carbonyl and a carbonyl oxide species, the latter known as the Criegee 
intermediate.   
The atmospheric fate of Criegee intermediates involves a complex series of unimolecular and 
bimolecular chemical reactions as important sources of free radicals and secondary organic 
aerosols in the daytime and nighttime global troposphere.13,14 The ozonolysis reaction is highly 
exothermic (~ 50 kcal mol-1), leaving a significant amount of internal excitation in the newly 
formed Criegee intermediates.  About half of the CH2OO Criegee intermediate form ozonolysis is 
estimated to undergo unimolecular decay, whereas the other half is collisionally stabilized and 
can undergo subsequent bimolecular reactions.15  Bimolecular pathways include the collisional 
stabilization process and reaction with other trace species in the atmosphere, such as NO2, SO2, 
carboxylic acid, and water.16-19  
Energized Criegee intermediates formed in ozonolysis reactions undergo unimolecular decay to 
yield CO, CO2, H2O, HCOOH, dioxirane species and, most importantly, OH radicals.  The OH 
yields resulting from ozonolysis were found to increase significantly for alkyl-substituted alkenes 
relative to ethene.  Of all the HOx sources from ozonolysis, a significant fraction (up to 77%) is 
estimated to come from large internal alkyl-substituted alkenes in field studies.20,21  General 
features of the OH radical production from ozonolysis, such as OH yield, have been known for 
some time.  However, a lot of details regarding the mechanisms, including the exact nature of the 
 
4 
 
energy landscape for unimolecular dissociation of Criegee intermediates, are still not fully 
understood. 
The overall reaction rate coefficient for the O3 + C2H4 ozonolysis reaction is relatively slow (1.45 
x 10-18 cm3molecule-1s-1) compared to the rapid loss of CH2OO through unimolecular dissociation 
and bimolecular reactions.15,22  As a result, only a very small absolute abundance of CH2OO is 
anticipated and recently detected from the ozonolysis reaction.22  In comparison, Welz et al 
demonstrated an alternative synthetic route to efficiently produce stabilized Criegee intermediates 
in the reactions of iodoalkyl radicals with O2,16,17 for example, the reactions forming the simplest 
Criegee intermediate CH2OO: 
CH2I2 + hν (248 nm) → CH2I + I       (4) 
CH2I + O2 → CH2OO + I        (5) 
Reaction (4) involves a C-I bond breakage of the diiodo precursor by 248 nm photolysis,23 
generating the monoiodoalkyl radicals that subsequently react with O2.  Compared to the slow 
rate for ozonolysis of ethene, reaction (5) is significantly more efficient (k=1.39 x 10-12 
cm3molecule-1s-1),24 resulting in a greater yield of stabilized CH2OO Criegee intermediates,25,26 
and has therefore enabled many direct spectroscopy and bimolecular reaction kinetic studies for 
Criegee intermediates.16,17,27-30 
This group has coupled this synthetic route with free jet expansion to create jet-cooled stabilized 
Criegee intermediates in a collision free environment, which allows UV or IR spectroscopy and 
unimolecular decay dynamics of many Criegee intermediates to be observed and investigated 
directly.  Spectroscopic methods incorporating pump-probe techniques and time-of-flight mass 
spectrometry are applied to elucidate the UV absorption and photodissociation of Criegee 
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intermediates.  Moreover, state selective IR excitation allows for detailed investigation on the 
unimolecular decay dynamics of alkyl substituted Criegee intermediates, revealing the effective 
energy barrier that is crucial in properly understanding its implication as a major nonphotolytic 
OH source in the daytime and nighttime atmosphere.  
We observed the first UV absorption spectrum for the simplest Criegee intermediate CH2OO, 
which has been synthesized within a quartz capillary tube affixed to a pulsed valve, and 
subsequently cooled and isolated in a supersonic expansion.  This study is illustrated in Chapter 
4.  UV excitation resonant with the B 1A′ ← X 1A′ transition depletes the ground-state population 
of CH2OO, which is detected by single-photon ionization at 118 nm.  The large UV-induced 
depletion (approaching 100%) near a peak of the profile at 335 nm is indicative of rapid excited 
state dynamics, consistent with the repulsive B 1A′ potential along the O–O coordinate computed 
theoretically.  CH2OO is found to be a very strong UV absorber, with peak absorption cross 
section of ∼ 5 × 10−17 cm2 molecule−1.  The experimental spectrum is in very good accord with 
the absorption spectrum calculated using the one-dimensional reflection principle.  The B ← X 
spectrum is combined with the solar actinic flux to estimate an atmospheric lifetime for CH2OO 
at midday on the order of ∼ 0.5 s with respect to photodissociation. 
The characterization of the UV absorption spectrum is extended to an alkyl-substituted Criegee 
intermediate, CH3CHOO, which is produced in a pulsed supersonic expansion and ionized with 
VUV radiation at 118 nm, as is presented in Chapter 5.  The UV-induced depletion of the m/z = 
60 signal is utilized to probe the B 1A′ ← X 1A′ transition.  The UV-induced depletion approaches 
100% near the peak of the profile at 320 nm, indicating rapid dynamics in the B state, and 
corresponds to a peak absorption cross section of ∼ 5 × 10−17 cm2 molecule−1.  The electronic 
spectrum for CH3CHOO is similar to that reported for CH2OO described in Chapter 4, but 
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shifted 15 nm to shorter wavelength, which will result in a longer tropospheric lifetime for 
CH3CHOO with respect to solar photolysis.  Complementary electronic structure calculations 
(EOM-CCSD) are carried out for the B and X potentials of these Criegee intermediates along the 
O–O coordinate.  An intramolecular interaction stabilizes the ground state of the syn-conformer 
of CH3CHOO relative to anti-CH3CHOO, and indicates that the syn-conformer will be the more 
abundant species in the expansion.  The electronically excited B state of syn-CH3CHOO is also 
predicted to be destabilized relative to that for anti-CH3CHOO and CH2OO, in accord with the 
shift in the B-X transition observed experimentally.  Hydroxyl radicals produced concurrently 
with the generation of the Criegee intermediates are detected by the novel 1+1ʹ REMPI scheme 
described in Chapter 2 and Chapter 3.  The OH yield observed with CH3CHOO is 4-fold larger 
than that from CH2OO, consistent with prior studies of OH generation from ozonolysis of 
corresponding symmetric alkene. 
Moreover, UV spectroscopic characterization of two larger alkyl substituted Criegee 
intermediates, dimethyl- and ethyl-substituted Criegee intermediates, (CH3)2COO and 
CH3CH2CHOO,  are also performed via UV-induced depletion of the mass ion signals, as is 
shown in Chapter 6.  Again, the Criegee intermediates are photolytically generated from gem-
diiodo precursors, detected by VUV photoionization at 118 nm.  In each case, UV excitation 
resonant with the B–X transition results in significant ground-state depletion, reflecting the large 
absorption cross section and rapid dynamics in the excited B state.  The broad UV absorption 
spectra of both (CH3)2COO and CH3CH2CHOO peak at ∼320 nm with absorption cross sections 
approaching ∼ 4 × 10–17 cm2 molec–1.  The UV absorption spectra for (CH3)2COO and 
CH3CH2CHOO are similar to that reported previously for syn-CH3CHOO in Chapter 5, 
suggesting analogous intramolecular interactions between the α-H and terminal O of the COO 
groups.  Hydroxyl radical products generated concurrently with the Criegee intermediates are 
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detected by 1 + 1′ REMPI as well.  The OH signals, scaled relative to those for the Criegee 
intermediates, are compared with prior studies of OH yield from alkene ozonolysis.  The 
stationary points along the 1,4-H transfer reaction coordinates from the alkyl-substituted Criegee 
intermediates to vinyl hydroperoxides and OH products are also computed to provide insight on 
the OH yields. 
Other groups have followed up on this research using UV absorption techniques to characterize 
the Criegee intermediates under thermal conditions31-34 and/or employing the strong UV 
absorption to sensitively probe Criegee intermediates for kinetic measurements in its reaction 
with SO2, alkenes, organic acid and self reactions.28,35-37  The studies carried out by the Lin and 
Sheps groups revealed the UV absorption spectra of CH2OO and CH3CHOO at room 
temperature,31-34 and generally agreed with the peak position (335 nm for CH2OO and 320 nm for 
CH3CHOO) and broad feature (~ 40 nm) observed in our earlier measurements.  For CH2OO, 
they reported diffuse structures extending to longer wavelength, which was not observed under 
jet-cooled conditions utilizing our UV-induced depletion method.31-33  The CH2OO absorption 
spectrum computed with a one-dimensional model by Dawes et al. shows similar weak 
oscillations that were attributed to recurrence of the wavepacket.38  However, further studies in 
the Lester group have shown that UV excitation of CH2OO (308, 330, 360 nm) results in rapid 
(ps) dissociation to O 1D products.39  Another possible explanation for the diffuse structure in the 
room temperature spectra is hot bands.  In a recent example, FTMW studies indicate that the 
synthesis reaction yields Criegee intermediates with significant vibrational excitation,40 which 
could result in hot bands contributing to the long wavelength side of the UV absorption spectrum.   
For CH3CHOO, contributions from both syn- and anti-conformers were subsequently observed in 
UV absorption spectrum under thermal conditions.34  The component of the thermal absorption 
spectrum attributed to more stable syn-CH3CHOO has a similar peak (323 nm) and breadth (40 
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nm) as the jet-cooled spectrum, while the minor component assigned to anti-CH3CHOO due to its 
more rapid reaction with H2O is significantly shifted with peak at 360 nm and increased breadth 
(55 nm). 
Ozonolysis of alkenes forms Criegee intermediates with significant internal excitation, resulting 
in rapid unimolecular decay to produce OH radicals.  Chapter 7 discusses using infrared (IR) 
activation of cold CH3CHOO Criegee intermediates to drive hydrogen transfer from the methyl 
group to the terminal oxygen, followed by dissociation to OH and vinoxy radicals.  State-
selective excitation of CH3CHOO in the CH stretch overtone region combined with sensitive OH 
detection revealed the IR spectrum of CH3CHOO, effective barrier height for the critical 
hydrogen transfer step, and rapid decay dynamics to OH products.  Complementary theory 
provides insights on the IR overtone spectrum, as well as vibrational excitations, structural 
changes, and energy required to move from the minimum-energy configuration of CH3CHOO to 
the transition state for the hydrogen transfer reaction. 
Similarly, the 1,4-H shift process to yield OH will also be present in unimolecular decay for other 
alkyl substituted Criegee intermediates, such as dimethyl-substituted Criegee intermediates 
(CH3)2COO.  An analogous investigation in the OH production from dimethyl-substituted 
Criegee intermediates is described in Chapter 8.  Cold dimethyl-substituted Criegee 
intermediates are vibrationally activated in the CH stretch overtone region to drive the 1,4 
hydrogen transfer reaction that leads to OH radical products.  IR excitation of (CH3)2COO reveals 
the vibrational states with sufficient oscillator strength, coupling to the reaction coordinate, and 
energy to surmount the effective barrier (≤ 16.0 kcal mol−1) to reaction.  Insight into the 
dissociation dynamics is gleaned from homogeneous broadening of the spectral IR features, 
indicative of rapid intramolecular vibrational energy redistribution and/or reaction, as well as the 
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quantum state distribution of the OH X2Π (v = 0) products.  The experimental results are 
compared with complementary electronic structure calculations, which provide the IR absorption 
spectrum and geometric changes along the intrinsic reaction coordinate.  Additional theoretical 
analysis reveals the vibrational modes and couplings that permit (CH3)2COO to access the 
transition state region for reaction.  The experimental and theoretical results are compared with 
the study of the IR activation of syn-CH3CHOO and its unimolecular decay to OH products in 
Chapter 7. 
In the unimolecular decay of alkyl substituted Criegee intermediates, an α-H in the alkyl 
substituent can undergo an intramolecular 1,4-H shift to form vinyl hydroperoxide (VHP) species, 
which break apart to release OH radical products.  Recent electronic structure calculations by 
Thompson and coworkers predict that organic acids will catalyze the conversion of Criegee 
intermediates to vinyl hydroperoxide species41.  A doubly hydrogen-bonded interaction between 
the Criegee intermediate and organic acid facilitates efficient hydrogen transfer through a double 
hydrogen shift in a nearly barrierless process.  In Chapter 9 we report the direct detection of 
mass channels consistent with stabilized vinyl hydroperoxide species formed via this catalyzed 
tautomerization reaction, using 10.5 eV photoionization in a time-of-flight mass spectrometer.  
Deuteration of the organic acid results in migration of a D atom to form deuterated vinyl 
hydroperoxides, which are distinguished from the Criegee intermediates by mass.  Three 
prototypical vinyl hydroperoxides, CH2=CHOOD, CH2=C(CH3)OOD and CH3CH=CHOOD, are 
detected directly in the gas phase for the first time.  The generation and identification of stabilized 
vinylhydroperoxides will enable further investigation of the OH production mechanism from 
alkene ozonolysis in tropospheric chemistry.   
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CHAPTER 2 
A new spectroscopic window on hydroxyl radicals using UV+VUV 
resonant ionization 
 
 
 
This research has been published in the Journal of Chemical Physics 134, 241102 (2011) and was 
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The central role played by the hydroxyl radical in atmospheric, combustion and interstellar 
environments has resulted in extensive research of the radical’s spectroscopy, reactivity and 
collision dynamics.  The most common detection scheme employed is laser-induced fluorescence 
on the well-characterized A2Σ+–X2Π band system,1-3 although this scheme is largely limited to 
low vibrational levels due to diagonal Franck-Condon factors and the onset of electronic 
predissociation.  This approach has been employed extensively to detect OH in fundamental 
studies of reaction,4 photodissociation5 and inelastic collision dynamics 6in addition to in situ 
combustion diagnostics7 and field measurements of atmospheric concentrations.8   
While OH is readily detected using LIF on the A2Σ+–X2Π transition, a quantum state-selective 
ionization scheme is a desirable goal.  OH has an adiabatic ionization potential (IP) of 13.017 eV 
and 2+1 (REMPI) schemes will in principle be viable for λ ≤ 285.7 nm, provided a suitable 
resonant intermediate state can be found.9  Several groups have explored 2+1 and 3+1 REMPI 
schemes for OH detection,10-13 the former focussing attention primarily on the nested D2Σ– and 
32Σ– states at 10.14 and 10.87 eV, respectively, while the latter examined the 32Π state at 12.1 eV.  
The D2Σ– and 32Σ– states are the first two bound members of an nσ Rydberg series that converges 
on the OH+ X3Σ– ion core and, in principle, are ideal candidates for REMPI.  However, ion signal 
intensities have been observed to be relatively weak and this has been attributed to fast 
predissociation (τ = 40 – 400 ps) of the intermediate Rydberg states by coupling to the repulsive 
12Π and 14Π states.12, 14  OH has also been detected using a 1+1′ scheme via the D2Σ––X2Π(0,0) 
band in which the second photon prepares a high-lying Rydberg state that can be field ionized.15  
However, this approach is also hampered by the short D2Σ– state lifetime and furthermore 
requires the non-trivial generation of tuneable VUV at ~122 nm.   
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2+1 REMPI detection of OH radicals via the D2Σ– and 32Σ– states has been used to probe gas-
phase photodissociation dynamics studies16-18 and water and methanol ice surfaces19 but it has not 
yet been widely adopted by researchers.  Here, we present an alternative 1+1′ MPI detection 
scheme that avoids the short-lived D2Σ– Rydberg state.  Instead, a first UV photon prepares the 
relatively long-lived (τrad ~700 ns) and spectroscopically well-characterized A2Σ+ valence state as 
the resonant intermediate state and a subsequent VUV photon provides sufficient energy to 
ionize.   
The UV wavelengths required for the resonant step are produced using the frequency doubled 
output of conventional dye lasers, while the fixed frequency VUV is obtained by frequency 
tripling the 3rd harmonic output of a Nd:YAG laser in rare gas mixtures.  The relevant electronic 
states of OH and OH+ are shown in Figure 1.20  Excitation to the lowest rovibrational level in 
A2Σ+ requires 4.022 eV, and the 118.2 nm VUV photon provides a further 10.490 eV.  The 1+1′ 
approach described provides sufficient energy to ionize OH, but consideration of the electronic 
configurations of the states involved in the ionization step suggests it will not be viable; the 
electronic configuration of the resonant OH A2Σ+ state is (1σ)2(2σ)2(3σ)1(1π)4 while that of the 
OH+ X3Σ– ground state is (1σ)2(2σ)2(3σ)2(1π)2, viz. transitions between these states are forbidden 
as the electronic transition moment is a single electron operator.  Direct ionization from the OH 
A2Σ+ state can only occur via the energetically inaccessible OH+ A3Π and c1Δ states that have 
(3σ)1 occupancy.  However, photoelectron spectroscopy experiments have identified an nd 
Rydberg series converging on the OH+ A3Π state that undergoes electronic autoionization to 
produce OH+ X3Σ–, v=0 and 1.21, 22  In particular the [A3Π, 3d], v=0 level has been identified at a 
one photon energy of 14.88 eV,  which corresponds almost exactly to the combined energy of the 
OH A2Σ+–X2Π(1,0) band at 282.3 nm and one photon of 118.2 nm (4.393 + 10.490 eV) as shown 
in Figure 1.  This suggests that it will be possible to perform 1+1′ MPI of OH via the A2Σ+ state  
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Figure 1.  Semiempirical model potential energy curves derived from the work of Varandas and 
Voronin20  for the neutral, ionic and Rydberg states relevant to the 1+1′ MPI detection scheme.  
The dashed horizontal lines represent the combined total energy (UV+VUV) after initial 
excitation to A2Σ+, v′ = 0, 1, and 2.  The OH+ X3Σ– state is spectroscopically inaccessible from the 
A2Σ+ state in a one-photon electric dipole transition and is shown in gray.   
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by exploiting the presence of autoionizing Rydberg states that converge on higher ionization 
limits.  Experimentally, OH radicals are generated in a supersonic expansion by the photolysis of 
fuming nitric acid vapor entrained in a carrier gas of argon.  Photodissociation takes place either 
in the throat of a pulsed supersonic expansion or at the end of a quartz capillary attached to the 
valve using the 193 nm output of an ArF excimer laser.  The capillary attachment results in 
rotationally hotter spectra due to the milder expansion conditions.  The unskimmed free-jet 
expansion is crossed ~10 cm downstream of the valve, in the ionization region of a time-of-flight 
mass spectrometer with an extraction field of 300 V/cm, by a UV laser beam generated by 
frequency doubling the fundamental output of a Nd:YAG pumped dye laser.  The UV pump laser 
prepares state (and parity) selected OH A2Σ+ (v′ = 0 – 2, J′, Fi) which are subsequently ionized 
after a short time delay (~20 ns) using a counterpropagating fixed-frequency VUV laser beam at 
118.2 nm.  This wavelength is produced in a straightforward manner by frequency tripling ~40 
mJ/pulse of the 3rd harmonic output of a Nd:YAG laser in a Xe:Ar gas cell similar to that 
described by Yang et al.23  The VUV generated in the cell is selectively focused into the free-jet 
expansion using a 20 cm MgF2 lens; the residual 355 nm is unfocussed in the interaction volume.   
Figure 2 shows LIF and 1+1′ MPI spectra of the OH A2Σ+–X2Π(1,0) band.  The OH radicals were 
photolytically generated in the quartz capillary and spectra were recorded by scanning the pump 
laser frequency while either collecting the fluorescence or by integrating the m/z = 17 (OH+) peak 
in the mass spectrum.  The relatively noisy LIF signal was collected crudely, and in no way 
represents the optimal signal to noise achievable with this technique; modifications of the 
apparatus to allow the simultaneous collection of fluorescence and ionization signals are further 
discussed in Chapter 3.  The OH+ ion signal was dependent on the presence of all three laser 
beams (photolysis, pump, and ionization) and decayed with increasing delay between the UV  
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Figure 2.  Experimental (black) OH A2Σ+–X2Π(1,0) spectra recorded by (a) LIF and (b) 1+1′ 
MPI.  Also shown in (a) is a PGOPHER simulation assuming a rotational temperature of 93 K 
(red).  The combs indicate main branch and satellite transitions originating in X2Π3/2 and are 
labelled by J″. 
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pump and VUV ionization beams with a time constant consistent with the OH A2Σ+ fluorescence 
lifetime.  Also shown in Figure 2(a) is a simulation of the (1,0) band produced using PGOPHER24 
and previously reported molecular constants.1  The simulation has been performed with a 
rotational temperature of 93 K, chosen to optimize the agreement in line intensities with the 
experimental LIF spectrum.  Transitions are mainly observed from the lower energy X2Π3/2 (F1) 
spin-orbit manifold, consistent with the low temperature of the expansion.  It is immediately 
apparent from comparison of the LIF and the MPI spectra in Figure 2 that there are significant 
anomalies in the relative intensities of the rotational lines in the MPI spectrum.  In general, R-
branch transitions are significantly more intense than P-branch counterparts that originate in the 
same J″ and Λ-doublet level.  The Q-branch transition for the equivalent J″ level originates in a 
Λ-doublet level of opposite parity and is also relatively reduced in intensity.  
Jet-cooled OH A2Σ+–X2Π(1,0) and (2,0) 1+1′ MPI spectra, recorded without the capillary 
attachment, are shown in Figure 3.  No ionization signal could be detected after excitation of the 
(0,0) band.  The + and – labels indicate the parity of the ground state level for transitions 
originating in F1, J″ = 1.5.  Only the main branch P1 and satellite SR21 transitions are isolated; Q1 
and R1 transitions are accompanied by QP21 and RQ21 satellites, respectively, and are only partially 
resolved in the spectra for low-J″.  The anomalous rotational line intensities makes estimating 
rotational temperatures problematic, but inspection of the R1+QR21 branches at ~35530 and 38320 
cm–1 in the (1,0) and (2,0) spectra indicates that they are colder than the spectra recorded with the 
capillary attachment; contour fits to these regions give rotational temperatures of 42 K.  The 
spectra in Figure 3 are power broadened beyond the laser linewidth, and the degree of saturation 
is greater in the (1,0) spectrum, reflecting the ~6-fold smaller Franck-Condon factor of the (2,0) 
band.  The anomalous rotational line intensities, however, cannot be explained in terms of 
saturation effects.   
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Figure 3.  Jet-cooled 1+1′ OH A2Σ+–X2Π MPI spectra in (a) the (1,0) and (b) (2,0) regions.  
Transitions originating in the J″ = 1.5 level of the X2Π3/2 spin-orbit manifold are indicated.  The 
combined R1+QR21 and isolated SR21 transitions show 10-100 fold enhanced intensity relative to 
isolated P1 and combined Q1+PQ21 transitions. 
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Focussing attention on transitions that originate in the lowest X2Π3/2, J″ =1.5 levels shows that 
transitions that terminate in higher energy (or higher J′ levels) show enhanced intensity in both 
the (1,0) and (2,0) spectra, although the effect is stronger in the former.  Once linestrength factors 
for the A2Σ+–X2Π step are taken into account, ionization following excitation on the P1(1.5) and 
combined Q1(1.5)+PQ21(1.5) transitions is approximately equally likely.  Ionization after 
excitation on the combined R1(1.5) + QR21(1.5) or SR21(1.5) transitions, however, is enhanced by 
one to two orders of magnitude.  Linestrength factors for the VUV excitation step may contribute 
to the enhancement in the cross section for the first few J′ levels as more transitions become 
spectroscopically allowed.  However, the origin of the J′-dependent enhancement in the 
ionization cross section remains unclear at present.   
At the vibrational level, the observation of ionization from A2Σ+, v′ = 1 is consistent with the 
fixed frequency VUV excitation being resonant with a transition to the autoionizing [A3Π, 3d], v 
= 0 level.  In this way, the absence of any detectable ionization from A2Σ+, v′ = 0 can be 
explained simply by the combined UV+VUV photon energies being insufficient to reach the first 
member of this Rydberg series.  However, there is no previously identified vibrational level 
within the nd Rydberg series with which the A2Σ+, v′ = 2 level could be resonant upon absorption 
of the VUV photon, which suggests that the enhancement is not simply related to reaching an 
energetic threshold for accessing an autoionizing Rydberg state.  We note that the Rydberg series 
identified in photoelectron spectra are superimposed upon a significant continuum background21, 
22, 25 and furthermore that the [A3Π, 3d] state will split into five components, of which only two 
(the 2Π states derived from 3dσ and 3dδ configurations) are spectroscopically accessible from 
A2Σ+ and will lead to autoionization.26  Further work is required to unravel the details of the 
photoionization mechanism, including studies using a tuneable probe laser to induce ionization. 
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The mass spectrum shown in Figure 4 demonstrates the sensitivity of the technique.  The most 
intense peaks in the mass spectrum are OH+ at m/z = 17 and NO+ at m/z = 30, and have a peak 
intensity ratio of 1.67:1.  As the neutral species are present as the products of nitric acid 
photodissociation at 193 nm, estimation of the relative OH and NO number densities in the 
expansion allows an estimate of the ionization cross section of OH A2Σ+, v′ = 1, given that NO (IP 
= 9.2642 eV) has a photoionization cross section of 2.4 × 10–18 cm2 at the VUV wavelength of 
118.2 nm.27  The two dominant photodissociation pathways for nitric acid after absorption of 193 
nm radiation are: 
HONO2 + hν193 nm → OH + NO2 (1) 
   → O + HONO (2) 
There have been several measurements of the branching fraction between pathways (1) and (2) 
following photodissociation at 193 nm reported in the literature.28-31  Here we use the most recent 
measurement by Butler and co-workers who reported photodissociation quantum yields of Φ(1) = 
0.33 and Φ(2) = 0.67.31  The only source of NO is secondary dissociation of the highly internally 
excited NO2 produced in pathway (1).  An OH:NO ratio of 1:0.69 is anticipated in the expansion.  
Assuming the OH A2Σ+–X2Π(1,0) transition is fully saturated and allowing for the fractional 
population in the ground state level at the estimated temperature, accounting for a factor of 0.27, 
the relative intensities of the OH+ and NO+ peaks indicate that the OH A2Σ+ photoionization cross 
section at 118.2 nm is 1.0 × 10–17 cm2.  In the limit that the NO2 and HONO products are 
subsequently completely dissociated by further absorption of 193 nm photons, the OH:NO ratio 
would be 1:1 and the photoionization cross section would be 1.4 × 10–17 cm2. 
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Figure 4.  Time-of-flight mass spectrum of nitric acid photodissociation products recorded with 
the UV pump laser resonant with the R1(1.5) transition of the A2Σ+–X2Π(1,0) band at 35526.0 
cm–1 showing the m/z = 17 (OH+) ion signal arising from the 1+1′ MPI process.   The m/z = 30 
ion signal (NO+) is dependent only on the 193 nm photolysis and 118 nm VUV ionization lasers.  
The broad feature marked with an asterisk is attributed to non-resonant ionization of NO by 
residual 355 nm radiation which is spatially separated from the VUV.  The other broad features 
are due to ionization of background hydrocarbons. 
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photoionization mechanism appears to involve the second step being quasi-resonant with 
autoionizing Rydberg states that converge on the OH+ A3Π ion state.  The intensity of the OH+ 
peak in the mass spectrum relative to that of NO+, which is caused solely by direct single photon 
VUV ionization, indicates that the cross section for photoionization from A2Σ+, v′ = 1 is of the 
order 10–17 cm2.  The feasibility of this approach, using readily available wavelengths and a well-
characterized resonant transition, suggests it will be widely applicable as a means of detecting 
OH radicals. 
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CHAPTER 3  
1+1 resonant multiphoton ionization of OH radicals via the A2Σ+ state: 
Insights from direct comparison with A-X laser-induced fluorescence 
detection 
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I. Introduction 
The hydroxyl radical has long been identified as a key oxidant in atmospheric and combustion 
chemistry.  The spectroscopic properties of the OH radical and its sensitive detection are 
therefore important for characterizing these environments.  Most spectroscopic studies of the OH 
radical as well as its complexes, inelastic collisions, and reaction dynamics,1-3 have utilized laser-
induced fluorescence (LIF) detection on the well-characterized A2Σ+ - X2Π band system.4-6  The 
robustness of this technique enables applications in laboratory and field measurements, but its use 
is precluded in many modern experimental methods that require state-selective ionization for 
further ion manipulation and collection.  One such example is state-selective ionization with time-
of-flight mass spectrometry (TOF-MS) detection, which provides mass selectivity not available in 
fluorescence measurements.  Another more recent example is velocity map imaging coupled with 
TOF-MS that also affords direct measurement of angular and kinetic energy distributions. 
Because of the advantages ionization detection can offer, several multiphoton ionization schemes 
have been developed for the OH radical.  Several of these schemes, illustrated in Figure 1, utilize 
the D2Σ- and 32Σ- Rydberg states as resonant intermediate states.7-10  These resonance enhanced 
multiphoton ionization (REMPI) schemes have yielded analyzable spectra and can be used in a 
state-selective fashion.  However, the D2Σ- and 32Σ- Rydberg states are predissociated by 
intersecting repulsive potentials, which reduce the Rydberg state lifetimes and ion yields.10-11  As 
a result, there have been only a few dynamical studies where the OH radical has been detected by 
REMPI.12-14  Recently, the 2+1 REMPI scheme was utilized for the first time in a velocity map 
imaging study to characterize inelastically scattered OH X2Π from rare gas partners.15 
The present group recently reported a novel 1+1ʹ ionization scheme for the OH radical that uses 
the OH A2Σ+ (v=1, 2) valence state as the resonant intermediate level followed by fixed- 
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Figure 1. Schematic representation of several OH REMPI schemes.  The arrows on the left 
indicate the 1+1ʹ REMPI method utilized in the present study with the well characterized OH 
A2Σ+ state as the resonant intermediate state.  The dashed arrow indicates the fluorescence 
collected in LIF measurements.  The other REMPI schemes shown are taken from the works of 
McRaven et al. for (1+1ʹ),27 Collard et al. and Greenslade et al. for (2+1),7, 10 and Forster et al. for 
(3+1).9  Each of these schemes access Rydberg states (dashed) as resonant intermediate states, 
which are short-lived due to electronic predissociation.  The electronic configurations for the two 
lowest OH neutral states and the two lowest triplet cationic states (blue) are also shown.   
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frequency VUV ionization, as shown in Figure 1.16  This 1+1ʹ REMPI scheme also enables state-
selective detection as shown in the recent observation of OH X2Π radicals produced concurrently 
with the generation of Criegee intermediates.17  The total energy available to the system from this 
two-color resonance enhanced process is approximately 14.9 eV with OH A2Σ+ (v=1) as the 
intermediate, which equals the combined energy of the resonant 282 nm UV and ionizing 118 nm 
VUV photons; a second UV photon at 282 nm does not provide sufficient energy to ionize OH 
radicals.  The lowest cationic state that can be accessed by a one photon transition from the OH 
A2Σ+ state is the excited OH+ A3Π state at 16.48 eV, rather than the ground OH+ X3Σ- cationic 
state at 13.01 eV.18  Thus, we postulated in our initial report16 that photoionization occurred via 
excitation to a Rydberg state with an appropriate electronic configuration derived from the 
excited OH+ A3Π state, followed by Auger decay and autoionization into the OH+ X3Σ- state.  
Several autoionizing Rydberg series of OH have been observed in constant ionic state (CIS) 
photoelectron spectra reported by Barr et al.19  The CIS spectra were recorded by monitoring the 
photoelectron kinetic energy arising from a particular vibronic state of the cation as a function of 
excitation in the 13.0-17.0 eV range using synchrotron radiation to access these high frequency 
transitions directly from the ground X2Π state.  The ns series of OH Rydberg states are strongly 
mixed with the np states and none of the ns or np states converging on the OH+ A3Π limit were 
assigned; this is the lowest energy ion core with the appropriate electronic configuration to be 
accessed in a single photon process from the OH A2Σ+ state.  On the other hand, several nd(v) 
levels converging on this ion core were reported.  The resolution of the CIS experiment was 
sufficient to observe vibrational but not rotational structure in these Rydberg states. 
In this paper, we focus on the ionization signals arising from 1+1ʹ REMPI via various rotational 
levels of the OH A2Σ+ (v=1) state and use the resultant intensity information to demonstrate that 
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photoionization proceeds via the OH A3Π 3d Rydberg state, assigned from the CIS spectra as 
lying at 14.88 eV.  The total energy available from the OH A2Σ+ (v=1) + VUV steps is sufficient 
to reach the A3Π 3d Rydberg state, whereas excitation to OH A2Σ+ (v=0) + VUV does not provide 
sufficient energy to reach this Rydberg state and no ion signal is detected.  Future work will look 
more closely at the mechanism for photoionization via the OH A2Σ+ (v=2) state.   
We noted in the preliminary report that the intensities of individual rovibronic transitions in the 
OH A-X (1,0) spectrum detected by 1+1ʹ photoionization using fixed-frequency VUV were 
different from those expected from LIF or simulated LIF spectra.16  The A-X excitation step is 
clearly identical in both LIF and 1+1ʹ REMPI detection schemes, and therefore the changes in 
line intensities must arise from the VUV photoionization process.  Note that ionization involves 
sequential UV and VUV excitation steps with the VUV pulse temporally delayed by 20 ns.  
These changes in intensities are evaluated quantitatively in this work in order to provide scaling 
factors with respect to known LIF transition strengths for state-selective detection of OH by the 
1+1ʹ REMPI scheme.  Here, we compare near simultaneous measurements of LIF intensities 
following excitation on the OH A-X (1,0) band with the ionization signal generated by 
subsequent fixed VUV in the 1+1ʹ REMPI process.  By comparing these two signals, the effect of 
the VUV absorption/photoionization step is directly examined as a function of the initially 
prepared rotational level of the OH A2Σ+ (v=1) state as well as total (UV+VUV) energy. 
II. Experimental 
OH radicals are generated in a free-jet expansion from the photodissociation of fuming nitric acid 
and are interrogated by either LIF or 1+1ʹ REMPI.  Nitric acid vapor, seeded in He (30 psi), is 
photolyzed in the throat of pulsed supersonic expansion by the output of a 193 nm ArF excimer 
laser (15 mJ/pulse).  Approximately 10 cm downstream, in the ionization region of a time-of-
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flight mass spectrometer (TOF-MS), the unskimmed expansion is crossed by a tunable UV laser 
(282 nm) operating in the OH A-X (1,0) region to selectively prepare OH A2+ (v=1, J, Fi) 
rotation and fine structure levels.  The UV is generated by frequency-doubling the output of a 
Nd:YAG pumped dye laser (Continuum Surelite II pumped Continuum TDL60 dye laser) and 
calibrated by a wavelength meter (Coherent Wavemaster).  The unfocused UV laser has a 
bandwidth of 0.25 cm-1 and < 1 mJ/pulse energy.  The OH radicals are then detected by either 
LIF or TOF-MS following the absorption of a VUV photon at 118 nm. 
Fluorescence emitted on the OH A2+ - X2 (1,1) band is collected on axis with the gas 
expansion approximately 35 mm downstream of the ionization region.  The fluorescence is 
collimated using a near f/1 optical arrangement and passed through a 313 nm bandpass filter 
before being loosely focused into a liquid light guide (UV-VIS liquid light guide, T80% at 313 
nm, Newport Corporation), which is used to transfer the fluorescence signal in a manner similar 
to that used by the McKendrick group.20 The output of the light guide is fixed against a fused 
silica chamber window, and the fluorescence passes through this window and a second 313 nm 
bandpass filter before impinging on a gated photomultiplier tube (PMT, Electron Tubes 9813QB) 
external to the vacuum chamber.  The signal from the PMT is preamplified before passing to a 
digital oscilloscope (LeCroy WaveRunner 6050A) and subsequently to a PC for further 
processing. 
Alternatively, OH radicals prepared in the A2Σ+ (v=1, J, Fi) state are ionized after a short time 
delay (20 ns) using a fixed-frequency VUV laser beam counter-propagating to the initial UV 
pump beam.  VUV at 118 nm was generated by frequency tripling the third harmonic of a 
Nd:YAG laser (Continuum Powerlite 9000 series) in a phase-matched Xe/Ar gas mixture.  The 
355 nm output of the Nd:YAG laser (30 mJ/pulse) is focused with an f=20 cm quartz lens into a 
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33 cm stainless steel cell containing 1:10 Xe/Ar tripling medium.  The 532 nm output of the 
YAG laser is calibrated with a wavemeter to obtain the VUV wavenumber at 84548.7 cm-1 (with 
1 cm-1 fundamental YAG linewidth).  An f=20 cm MgF2 lens is used as a window to the vacuum 
chamber at the exit of the cell to selectively focus the VUV beam into the center of free-jet 
expansion.21  The VUV is spatially separated from the residual 355 nm UV along the axis of the 
free jet expansion due to the difference in their focal properties.  Ions generated by this 1+1ʹ 
REMPI scheme are extracted perpendicular to the molecular beam and monitored on the m/z=17 
mass channel of the TOF-MS.  The ion signal is again passed to the oscilloscope and PC for 
processing.   
The experimental design affords rapid alternation between by LIF and REMPI detection for each 
OH A-X (1,0) vibronic line investigated.  Only a minor change is made during LIF data 
acquisition: the Nd:YAG laser used in VUV generation is blocked to avoid intense laser scatter 
from the residual 355 nm beam.  The electric field induced by the electrodes in the interaction 
region (300 V/cm) is not altered during fluorescence measurements.  An individual rotational 
line in the A-X spectrum is recorded, along with a reference line, before switching detection 
schemes and comparing the signal intensities.   
III. Results   
Electronic excitation spectra of OH in the A2Σ+ - X2Π (1,0) region with fluorescence and 
ionization detection are compared in Figure 2, the latter resulting from fixed-frequency VUV 
excitation.  The OH A-X (1,0) rovibronic transitions are indicated by their main (P1, Q1, R1) or 
satellite (QP21, RQ21, SR21) branch label and ground X2Π3/2 (v=0) state rotational level J.  The 
standard spectroscopic notation for the OH A2Σ+ (v=1, J, Fi) state is used here.22  The majority of  
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Figure 2. REMPI (black, upward) and LIF (red, downward) spectra of OH radicals in the A2+ - 
X2Π (1,0) region.  The LIF spectrum is indicative of a rotational temperature of 140 K.  The 
combs indicate the main branch transitions originating from the OH X2Π3/2 manifold.  The 
intensities of each spectrum are scaled such that the integrated intensities of the reference features 
[overlapping Q1(2.5) and 
QP21(2.5) lines indicated with *] are identical in REMPI and LIF 
spectra. 
  
*
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lines are evident in both LIF and REMPI spectra with the highest OH A2Σ+ state level observed 
being v=1, J=8.5, F1.  The rotational temperature of the OH radicals in the free-jet expansion has 
been increased compared to earlier work16 and as a result there are considerably more rotational 
lines available for intensity comparisons.  The temperature increase was achieved by using 
helium rather than argon carrier gas at a lower backing pressure, typically 30 psi.  The spectra in 
Figure 2 are consistent with an approximate rotational temperature Trot  140K in the OH X2Π3/2 
(v=0) ground state based on saturated LIF measurements.  However, it is immediately apparent 
that the two detection methods yield significant differences in the OH A-X (1,0) line intensities.   
These differences between OH A-X (1,0) spectral line intensities recorded by LIF and 1+1 
REMPI become even more evident when individual rotational branches are considered, although 
it can be difficult to discern given the presence of satellite lines (J  N, with N defined as the 
rotational angular momentum without spin), which lie very close to many of the main branch 
lines (J = N) in this spectral region.  The P1- and 
SR21-branches are mostly free of overlapping 
lines, both from satellite features or accidental overlaps, and their lines are shown separately for 
easy comparison in Figure 3.  While the integrated intensities of individual A-X lines in LIF and 
REMPI differ from one another, their breadths are essentially the same.  Further, the REMPI line 
intensities, breadths, and positions are not affected by the electric field strength in the interaction 
region.  The integrated intensities of spectral lines in this figure have been scaled to that of a 
preselected reference line, in order to account for any day-to-day variation in the experimental 
conditions.  A detailed discussion of the reference feature will be given later in this section.   
Figure 3 demonstrates that the LIF signals (downward) obtained for both P1- and 
SR21-branches in 
the OH A-X (1,0) band are consistent with a rotational population distribution peaked strongly at 
low J in the ground X2Π (v=0) state with a tail extending to higher rotational levels (Trot   
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Figure 3. Upper panel: The OH A-X (1,0) P1-branch transitions are shown sequentially with 
increasing ground state rotational level.  The REMPI signal (black, upward) and LIF signal (red, 
downward) are shown with their respective fits (blue dashed lines) with intensities scaled relative 
to the reference feature.  Lower panel: The OH A-X (1,0) SR21-branch lines detected by REMPI 
and LIF are compared in the same manner as the upper panel.  Note the 5x scaling factor for 
higher rotational lines. 
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140K).  In contrast, the REMPI signals (upward) show a different relative intensity distribution.  
As can be seen in Figure 3 (upper panel), P1(5.5) is the most intense line in the OH A-X (1,0) 
band obtained by REMPI within a relatively smoothly increasing and then decreasing profile of 
signal intensity with J.  The SR21-branch (Figure 3, lower panel), which accesses a different spin-
rotation component in the OH A2Σ+ (v=1) manifold than the P1-branch, generally shows a 
decrease in REMPI signal with increasing J, but exhibits a noticeable increase in signal on 
SR21(3.5) compared to 
SR21(2.5) (note the scaling factor used in the figure), the latter of which 
originates from a more populated ground state rotational level.  The larger REMPI signal on 
SR21(3.5) compared to 
SR21(2.5) clearly differs from the relative LIF signals on these lines.  
Although these lines were recorded individually and scaled to a reference line, these intensity 
patterns are evident even if the excitation laser is tuned over the entire OH A-X (1,0) spectral 
range and the lines compared without scaling (Figure 2).  These changes in OH A-X (1,0) line 
intensities for REMPI vs. LIF detection are attributed to the fixed-frequency VUV excitation and 
subsequent autoionization processes. 
The direct comparison of the relative REMPI signal for any given OH A-X transition to that 
observed using LIF is important because all factors associated with the A-X (1,0) excitation step 
of the REMPI process are taken into account in the LIF measurements.  These factors include the 
ground state population distribution, relative rovibronic line strengths, and saturation effects.  
This direct comparison enables us to quantify the relative ionization yield by defining an 
‘enhancement factor’, which is the scaled and integrated REMPI signal divided by the LIF signal 
for the same OH A-X (1,0) transition.  The enhancement factor provides a measure of the 
efficiency of the combined VUV absorption and autoionization processes for each OH A2Σ+ (v=1, 
J, Fi) level.  The same enhancement factor is obtained (within experimental uncertainty) for 
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several OH A-X (1,0) transitions, e.g. P1(1.5), Q1(2.5), and R1(3.5), accessing the same OH A2Σ+ 
(v=1, J, Fi) level, specifically J=2.5, F1 in this example. 
Many of the OH A-X (1,0) main branch transitions from low rotational levels in the ground state 
have overlapping satellite lines that are only partially resolved.  In addition, there are several 
‘accidental’ overlaps, particularly in the R-branch of the spectrum where a band head occurs 
between R1(5.5) and R1(6.5).  In order to directly compare relative line intensities, the many 
blended spectral features must be decomposed into their constituent lines.  A description of the 
deconvolution procedure follows. 
A multipeak fitting procedure was undertaken using a Levenberg-Marquardt least squares fitting 
method23-24 (Igor Pro), but with a modified set of fit parameters.  The procedure was redesigned to 
simultaneously fit OH A-X (1,0) spectral lines obtained by REMPI and LIF, constraining the 
FWHM of any single rovibronic transition to be identical in both spectra, while allowing the 
amplitude of each peak to vary.  The OH A-X (1,0) excitation step, common in both detection 
schemes, determines the breadth of any observed line.  At the UV laser fluence used here, the 
lines are homogeneously power broadened and thus Lorentzian lineshapes were used.  The 
baseline is also corrected by subtracting a linear component from each LIF spectrum before 
fitting, which arises from a small amount of scattered laser light in the integration gate.  The peak 
centers are allowed to float, but are found to be consistent with reported line positions.25  The 
multipeak fitting procedure yields the integrated areas, which are then scaled to that of the 
reference feature, recorded immediately before or after each transition.  Figure 3 illustrates that 
the fitting procedure performs very well in reproducing the experimental data over a variety of 
transitions, and for both main branch and satellite transitions.   
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Figure 4. The OH A-X (1,0) Q1(2.5) line (right) and its satellite line, 
QP21(2.5) (left) transition, 
with ticks indicating the line centers.  The signals obtained with REMPI (black, upward) and LIF 
(red, downward) detection are shown for comparison.  Also shown is the result of the multipeak 
fitting process described in the main text.  The two separate components of the fit are shown by 
dashed green and grey lines, respectively, with the total fit shown in blue.  The sum of these lines 
serves as the reference feature, which is set equal for REMPI and LIF detection, and used for 
scaling of other lines to obtain enhancement factors. 
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The reference feature was chosen to be the Q1(2.5) and adjacent 
QP21(2.5) lines, which scales the 
LIF and REMPI spectra to comparable intensity (Figure 2).  Figure 4 depicts the two components 
and total fit for the reference feature.  Although it is a combination of a main branch line and 
associated satellite line, deconvolution of the two lines and subsequent use of the main branch 
Q1(2.5) line alone as the reference feature does not alter any of the trends observed in the 
enhancement factors.  Using the Q1(2.5) alone as the reference line has the effect of increasing the 
uncertainties in the enhancement factors, which arise from the deconvolution process, and thus 
we opted to use the combined Q1(2.5) and 
QP21(2.5) lines. 
Each OH A-X (1,0) spectral feature was recorded at least three times, along with the reference 
feature, using each detection method and the enhancement factors calculated.  The associated 
standard deviations (±σ are derived from the repeated measurements.  Enhancement factors for all 
main branch transitions evident in both REMPI and LIF spectra are presented in Table 1.  P1, Q1, 
and R1 main branch lines accessing the same OH A2Σ+ (v=1, J, F1) level exhibit similar 
enhancement factors.  Those observed for weaker satellite lines are listed in Supplementary Table 
A1.  Note that each OH X2 (v=0) rotation and fine-structure level detected by LIF is also 
observed by REMPI (Figure 2).  This suggests that the absence of signals from yet higher levels 
is due to their limited population in the free-jet expansion.  The trends observed in the 
enhancement factors are discussed in the next section. 
IV. Discussion 
This paper addresses two important aspects of the OH 1+1ʹ REMPI scheme.  First, we quantify 
the relative intensities of OH A-X (1,0) transitions when detected by ionization using 1+1ʹ 
REMPI as compared to those observed by LIF detection.  The previous section explains how 
‘enhancement factors’ for REMPI vs. LIF are derived for a variety of main branch lines in the OH  
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Table 1.  Enhancement factors for 1+1 REMPI relative to LIF for clearly resolved main branch 
lines in the OH A-X (1,0) region.  Also shown are the energies for each OH A2+ (v=1, J, F1) 
vibronic (or intermediate) level23 prepared by a main branch transition and the total energy 
following absorption of a VUV photon.  The uncertainty estimates are 1σ standard deviations 
from repeated measurements. 
  
OH A2+ 
(v=1, J, F1) 
Enhancement 
Factor (P1) 
Enhancement 
Factor (Q1) 
Enhancement 
Factor (R1) 
OH A state 
energy /cm-1 
Total 
UV+VUV 
energy/ eV 
0.5 0.10 ± 0.01 - - 35429.11 14.8756 
1.5 0.09 ± 0.02 0.15 ± 0.01 - 35461.47 14.8796 
2.5 0.89 ± 0.25 1.00 1.58 ± 0.14 35526.04 14.8876 
3.5 2.10 ± 0.35  1.87 ± 0.29 1.61 ± 0.30 35622.72 14.8996 
4.5 2.40 ± 0.38 1.72 ± 0.22 3.21 ±0.34 35751.35 14.9155 
5.5 0.72 ± 0.07 0.68 ± 0.23 0.83 ± 0.20 35911.75 14.9354 
6.5 - - 0.31 ± 0.07 36103.66 14.9592 
7.5 - - 0.17 ±0.10 36326.80 14.9869 
8.5 - - 0.30 ± 0.12 36580.81 15.0184 
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A-X (1,0) region (Table 1).  Preliminary data for weaker satellite lines are presented in 
Supplementary Table A1.  These scaling factors enable 1+1ʹ REMPI to be used as a quantitative 
state-selective method for ionization detection of OH X2 (v=0-2), where Franck-Condon 
factors are favorable to the OH A2+ (v=1) state. 
Second, we use the enhancement factors to derive insight into the VUV excitation and/or 
autoionization processes.  The lower panel of Figure 5 shows the main branch enhancement 
factors obtained for specific OH A2Σ+ (v=1, J, F1) levels accessed through P1, Q1, and R1 lines of 
the OH A-X (1,0) transition.  The experimental enhancement factors are plotted as a function of 
OH A state and total (UV+VUV) energy.  A Gaussian least-squares fit to the data is overlaid to 
illustrate the overall profile.  It is important to emphasize that Figure 5 is not a conventional 
spectrum, as might be recorded by preparing a single OH A-state level and scanning the VUV 
frequency.  Instead, individually selected rotational levels of the A (v=1) state are projected to 
higher energy by the fixed-frequency VUV.  The peak of the enhancement profile (14.92 eV) has 
a total energy consistent with the autoionizing A3, 3d, v=0 Rydberg state (14.88 eV) reported 
previously,19 which is shown for comparison in the top panel.  Thus, it appears that 1+1 REMPI 
proceeds through this same Rydberg state.  Furthermore, the breadth of the CIS spectrum and 
similar width for the enhancement profile (30 meV) suggests that OH is undergoing ultrafast 
dynamics the Rydberg state, on the order of tens of femtoseconds, as might be expected for an 
Auger-like autoionization process.   
The A3 ion core of this Rydberg state has an appropriate electronic configuration to be 
accessible in a single photon transition from the OH A2Σ+ state, relevant to this work, or directly 
from the ground state, as in the prior CIS study.  Although the single feature in the CIS spectrum 
was assigned to the A3, 3d Rydberg state, consideration of total symmetry (elec = core   e)  
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Figure 5. Lower panel: Enhancement factors (REMPI/LIF) for main branch transitions in the OH 
A-X (1,0) region.  The values are shown with their associated uncertainties from repeated 
measurements and are plotted versus OH A state energy, corresponding to increasing OH A (v=1, 
J, F1) rotational level with ticks indicating J, and total energy on the lower and upper axes, 
respectively.  The overall trend in enhancement factor is illustrated with a Gaussian fit (grey line).  
Upper panel: The CIS spectrum reported previously (adapted from Ref. 19) by monitoring the 
OH+ X 3Σ- (v=0) channel as a function of single VUV photon energy.  The largest feature has 
been assigned as a transition from the OH X2Π ground state to the 3d (v=0) Rydberg state 
converging on OH+ A3Π.   
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yields five configurations, elec = 2Σ±, 22Π, 2Δ, and 2Φ.  A small splitting between these states 
could cause a slight shift in the one- vs. two-photon spectral peak positions seen in Figure 5.  
However, a more likely explanation of the shift stems from the highly unconventional nature of 
the enhancement profile ‘spectrum’ described below. 
The subsequent discussion focuses on the VUV excitation step of the 1+1 REMPI process, in 
which OH radicals prepared in specific A2Σ+ (v=1, J, Fi) levels are further excited with fixed-
frequency VUV light.  We start by assuming that the fixed-frequency VUV excitation is 
accidentally resonant with the origin of the valence A2Σ+ (v=1) to Rydberg (A3, 3d, v=0) 
transition.  We then further note that the rotational constants for OH in the valence and Rydberg 
states are similar in magnitude (see below).  If these conditions are satisfied, the VUV laser 
would be resonant with Q-branch transitions originating from all OH A2Σ+ (v=1, J, Fi) levels with 
transition probabilities dictated by Hönl-London factors.  Since we anticipate lifetime broadening 
on the order of 30 meV (250 cm-1) for the Rydberg (A3, 3d, v=0) state due to rapid 
autoionization, the requirement for the VUV resonance condition will be relaxed, resulting in 
some transition probability even if the VUV frequency is not precisely equal to the vibronic 
origin and/or accounting for the change in the rotational constant between the valence and 
Rydberg states.   
In actuality, the rotational constant for OH in the A2Σ+ (v=1) valence state is well known [Bv 
=16.1572cm-1]25 and differs somewhat from the rotational constant for OH in the Rydberg state, 
which is expected to be similar to that for the associated A3 ion core [Bv = 13.35 cm-1].26  
Moreover, the fixed frequency VUV light is unlikely to be precisely resonant with the origin of 
the valence A2Σ+ (v=1) to Rydberg (A3, 3d, v=0) transition.  These more realistic spectroscopic 
parameters suggest that the fixed-frequency VUV radiation becomes accidentally resonant with 
 
47 
 
P-,Q-, and/or R-lines of the valence to Rydberg transition for different initial OH A2Σ+ (v=1, J, 
Fi) states.  The extensive homogeneous broadening of the Rydberg (A3, 3d, v=0) state relaxes 
the resonance condition for the VUV light to enable excitation from many different initial A-state 
levels, albeit with different transition probabilities and associated enhancement factors.  The 
homogeneous broadening of the upper state of the valence to Rydberg transition can be viewed as 
being equivalent to using broadband (ca. 250 cm-1) rather than narrow band VUV excitation 
transition. 
We are unable to separate effects specifically due to the autoionization process from the VUV 
excitation step.  For example, the Auger process and/or ionization efficiency could change for 
different rovibronic levels in the Rydberg state.  Detailed information on the autoionization 
process will need to wait for future investigations utilizing tunable VUV light for the valence to 
Rydberg transition along with photoelectron kinetic energy and angular distribution 
measurements.  Tunable VUV could also enable ionization via the OH A2Σ+ (v=0) intermediate 
state.   
The enhancement factors obtained for specific OH A2Σ+ (v=1, J, F2) spin-rotation levels accessed 
through QP1, 
RQ1, and 
SR1 satellite lines of the OH A-X (1,0) transition are given in supplementary 
information (Supplementary Table A1 and Figure A1).  Additional experimental work, likely 
utilizing tunable VUV radiation will be required to gain further insight on the 1+1 REMPI 
process via OH A2Σ+ (v=1, J, F2) intermediate levels. 
V. Conclusions 
This paper presents a detailed investigation of a new 1+1 REMPI scheme for detection of OH 
radicals.  The intensities of various OH A-X (1,0) transitions detected by REMPI using fixed 
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VUV radiation at 118 nm are compared with those obtained by standard LIF measurements.  The 
ratios of the REMPI to LIF intensities for various OH A2+ (v=1, J, Fi) levels yield enhancement 
factors that provide information on the VUV excitation step and/or ionization process.  The peak 
of the enhancement factors indicates that the VUV step accesses the OH A3Π 3d, v=0 Rydberg 
state prior to rapid Auger decay and ionization.  The enhancement factors also provide a 
quantitative guide for using this 1+1 REMPI scheme for state-selective and mass-specific 
detection of OH X 2 radicals.  The OH A-X transition is well characterized and the fixed 
frequency VUV at 118 nm is readily generated from the third harmonic of a Q-switched Nd:YAG 
laser, making this 1+1 REMPI scheme ideal for laboratory ionization studies of the OH X 2 
radical.  Many future experiments are suggested by this work, some of which will be enabled with 
tunable VUV light. 
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CHAPTER 4  
Ultraviolet Spectrum and Photochemistry of the Simplest Criegee 
Intermediate CH2OO  
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Alkenes are important volatile organic compounds in the Earth’s troposphere.  Ethene and 
propene are primarily produced by motor vehicles, while others originate from anthropogenic and 
biogenic sources, including isoprene and terpenes emitted by plants and trees.  Alkenes are 
oxidized in the atmosphere through direct gas-phase reaction with ozone (O3) as well as through 
OH and NO3 radical initiated processes.1-3  Ozonolysis plays a major role in the tropospheric 
removal of these unsaturated hydrocarbons, contributing significantly to both their day and night 
time chemistry.  Additionally, these reactions provide a non-photolytic source of OH radicals,4-6 
which may elevate atmospheric OH concentrations. 
Ozonolysis of alkenes occurs through ozone addition across the double bond, producing a 
primary ozonide, followed by rapid rearrangement and dissociation to generate a carbonyl oxide, 
known as the Criegee intermediate, and an aldehyde (or ketone) product.7-9 The Criegee 
intermediates are formed with large excess internal energy and can undergo subsequent reactions, 
such as unimolecular decomposition and isomerization, or alternatively lose the excess energy 
through stabilizing collisions.  Subsequent decay processes of energized Criegee intermediates 
yield OH radicals and other products of atmospheric significance including HO2, CO, CO2, CH3, 
and H2CO.  In addition, the Criegee intermediate undergoes further reaction with tropospheric 
trace constituents, as indicated in recent field measurements,10 to produce secondary organic 
aerosols and phytotoxic species.   
Although the Criegee intermediate has been inferred in ozonolysis reactions for decades,7 the first 
direct detection of the simplest Criegee intermediate in the gas phase was only recently 
reported.11  In 2012, Taatjes and coworkers demonstrated a new synthetic method for generating 
the simplest Criegee intermediate CH2OO in a flow cell at low pressures:12-13 
CH2I2 + 248 nm  CH2I + I 
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CH2I + O2  CH2OO + I 
In the atmosphere, this Criegee intermediate would be generated from ozonolysis of ethene.  
Welz et al.12 showed that remarkable information can be obtained by using tunable VUV 
radiation from a synchrotron source to establish the photoionization threshold for CH2OO (10.02 
eV), which can be readily distinguished from more stable isomers with the same mass (m/z = 46) 
but higher photoionization thresholds (dioxirane at 10.82 eV and formic acid at 11.33 eV); the 
more stable isomers were not observed with this synthetic approach.  They then utilized fixed 
VUV ionization (10.5 eV) with mass spectrometric detection to directly probe the Criegee 
intermediate and its rate of reaction with trace tropospheric constituents.12, 14  In particular, they 
demonstrated that the bimolecular reactions of CH2OO with SO2 and NO2 are far more rapid than 
previously thought, which may substantially change predictions of tropospheric aerosol 
formation. 
This new synthetic route has been implemented in the present study for generating CH2OO, but 
the low pressure flow cell has been replaced with a quartz capillary tube affixed to a pulsed valve 
as the reaction vessel.  (This approach mirrors previous studies in this laboratory on the HOONO 
isomer of HONO2.15)  CH2I2 vapor is entrained in a 20% O2/Ar carrier gas mixture at 25 psi and 
photolyzed with 248 nm radiation from an excimer laser as the gas pulse passes through the 
capillary tube (1 mm bore, 26 mm length).  The photoproducts (and unreacted gases) then 
undergo cooling in a supersonic expansion and flow downstream as isolated species (100 s 
flight time) to a time-of-flight mass spectrometer where they are ionized with a single photon of 
VUV radiation at 118 nm (10.5 eV; generated by frequency tripling the 3rd harmonic output of a 
Nd:YAG laser in a Xe:Ar gas cell).  We observe signal at m/z=46 when 248 nm photolysis occurs 
along the capillary; no m/z=46 signal is observed when photolysis occurs downstream of the 
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capillary exit or the photolysis laser is blocked.  Only the Criegee intermediate and no other 
CH2OO isomers can be photoionized at 10.5 eV.12  
Spectroscopic studies of the Criegee intermediate are carried out by electronic excitation on the 
B1A  X 1A transition of CH2OO using tunable UV laser radiation (280-420 nm).  The UV 
radiation is generated by frequency-doubling the output of a Nd:YAG pumped dye laser utilizing 
many dyes, namely Rh 590, 610, 640; DCM; LDS 698, 750, 751, 765, 821; and dye mixtures, and 
calibrated with a wavemeter.  The experimental approach is illustrated schematically in Figure1.  
UV excitation resonant with the B-X transition depletes the ground state population of CH2OO, 
which is detected after a short time delay (t=100 ns) with the VUV photoionization laser as a 
reduced signal at m/z=46. 
Significant depletion of the CH2OO photoionization signal is observed upon UV excitation in the 
320-350 nm spectral region.  The UV energy is set at 1 mJ/pulse throughout this central region 
of the spectrum, and yields depletions on the order of 60% in magnitude.  Substantially larger 
UV-induced depletion (approaching 100%) is readily achieved with 2.5 mJ/pulse at 320 nm.  By 
contrast, the large frequency-doubled outputs available from Rh dyes (up to 5 mJ/pulse) at shorter 
wavelength yield smaller absolute depletions from 310 to 280 nm.  Similarly, smaller depletions 
are observed to longer wavelength (beyond 360 nm with up to 2 mJ/pulse) of the central region. 
The absorption cross section () for CH2OO is obtained from the magnitude of the depletion 
(N0-N)/N0 of the ground state (with abundances N0 before and N after UV irradiation) and photon 
flux () using 
   0( ) ln N N      
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Figure 1. Experimental UV spectrum of CH2OO isolated in a pulsed supersonic expansion.  The 
absorption cross section is derived from the UV-induced depletion of the ground state and 
corresponding VUV photoionization signal at m/z=46.  The smooth curve is a fit to simple 
Gaussian form with uncertainty illustrated by the shaded region. 
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and plotted in Figure 1.  The UV-induced depletion is measured at wavelengths near the 
maximum (within 10%) of each doubled dye curve with error bars determined from repeated 
measurements.  The absorption spectrum is fit to a simple Gaussian plus offset form to guide the 
eye, and extract the peak at 335 nm and breadth of 40 nm (FWHM).  The absolute absorption 
cross section is estimated to be   5 x 10-17 cm2 molec-1 at the peak of the spectrum, indicating a 
very strong UV absorption of the Criegee intermediate.  The large magnitude of the depletion also 
demonstrates that CH2OO promoted to the excited B1A electronic state undergoes rapid 
dynamics, affording depletions significantly greater than 50%. 
Complementary electronic structure calculations have been undertaken to map the singlet 
potential energy surfaces of CH2OO including the ground X 1A and excited B 1A electronic 
states along the O-O radial coordinate as shown in Figure 2.  The potentials are obtained using 
CASSCF (18,14) with an AVTZ basis set performed in the Molpro computational suite.16  Prior 
theoretical calculations (CASSCF and CASPT2) predicted a strong B-X transition at ~4 eV (310 
nm) with large oscillator strength (f = 0.1),17 while very recent calculations (EOM-
CCSD/AVQZ//QCISD/AVTZ) yield a vertical excitation energy of 3.9  0.1 eV (318  8 nm) 
and f = 0.15.18  These correspond to peak absorption cross sections of   2-3 x 10-17 cm2 molec-1.  
The present calculations and Ref. 17 indicate that the excited B1A potential is fully repulsive 
along the O-O coordinate.  As a result, CH2OO promoted to the B1A state will undergo direct 
dissociation, yielding formaldehyde and excited O (1D) products at the lowest asymptotic limit. 
CH2OO (B 1A)  H2CO (X 1A1) + O (1D) 
In addition, nonadiabatic coupling may enable CH2OO B1A to dissociate via an excited singlet 
surface to H2CO (a 3A1) and ground O (3P) products.  Similar photochemistry occurs for  
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Figure 2. The reflection principle is utilized to predict the UV absorption spectrum (green) for 
CH2OO based on the X1A (black) and B 1A (red) potentials obtained from CASSCF 
calculations (points) along the radial O-O coordinate R. 
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isoelectronic O3 in the analogous Hartley band,19 where avoided crossings between excited 
electronic states lead to O(3P) and O (1D) products.20  
The repulsive nature of the CH2OO B 1A potential makes it straightforward to predict the B-X 
absorption spectrum using the classical one-dimensional reflection principle,21 as shown 
previously for O3.22  The absorption spectrum is derived from the projection of the ground state 
coordinate distribution for a harmonic oscillator onto the gradient of the excited B 1A state 
potential V along the O-O radial coordinate R.  This yields the absorption cross section  as a 
function of energy E in the excited state, subject to the approximations detailed in Ref. 21, 
2
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R R
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where Rt(E) is the classical turning point on the excited state potential and μ is the reduced mass.  
The eigenvalue solutions for the X 1A state are obtained using LEVEL 8.023 and fit to a truncated 
anharmonic oscillator to derive the harmonic frequency ω = 924 cm-1.  The equilibrium distance 
Re = 1.33 Å is taken from the X 1A potential itself.  The derivative of the excited state potential is 
generated analytically, after fitting the ab initio data to a multi-order polynomial, and evaluated 
over a range of energies.  The resultant absorption spectrum is displayed as a function of 
excitation energy and corresponding wavelength in Figure 2, along with the ground state 
probability amplitude, also generated using LEVEL 8.0. 
The calculated UV absorption spectrum for CH2OO peaks near 332 nm and falls off to half 
maximum (363 nm) more steeply on the long-wavelength side; the absorption decreases more 
gradually (half-max at 255 nm) on the short-wavelength side.  The calculated peak position and 
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falloff to long wavelength (Figure 2) are in very good accord with the experimental spectrum 
(Figure 1).  The asymmetric profile toward shorter wavelength will be examined in future work. 
The UV spectrum of CH2OO obtained in this work under jet-cooled conditions along with mass 
and isomer specificity through photoionization detection can be compared with prior reports in 
the literature.  Both Sehested et al.24 and Gravestock et al.25 reported similar UV absorption 
spectra, peaked at 327 nm and spanning from 250-450 nm, following photolysis of CH2I2 and 
subsequent reaction with O2 under flow cell conditions, but these groups attributed the primary 
spectral carrier to CH2IOO.  Taatjes and coworkers have already suggested that these prior 
reports may include contributions from CH2OO.12  Lee et al. have computed vertical excitation 
energies for CH2OO and CH2IOO,18 which show that the spectra of Sehested et al.24 and 
Gravestock et al.25 cannot be attributed completely to CH2IOO.  These earlier absorption spectra 
are substantially broader than the CH2OO B-X spectrum (Figure2) presented here, most likely 
due to absorption from other transient species including IO and CH2I (primarily to shorter 
wavelength) and/or hot bands toward longer wavelength. 
We then utilize the absolute absorption cross section () across the B-X spectrum to estimate 
the photochemical loss of CH2OO upon solar irradiation.  Using the maximum actinic flux F(λ) at 
the Earth’s surface (zenith angle of 0),1 which turns on near the peak of the CH2OO absorption 
spectrum and increases markedly toward longer wavelength, the solar photolysis rate kp can be 
calculated 
( ) ( ) ( )pk F d

      
 
The corresponding atmospheric lifetime τ = (kp)-1 for CH2OO is predicted to be on the order of 2 
s, assuming a photodissociation quantum yield φ(λ) of unity.  The same atmospheric lifetime is 
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obtained using the experimental or calculated absorption spectrum since the solar actinic flux 
limits the atmospherically relevant region to the long wavelength side where the spectral contours 
are in excellent agreement. 
The solar photolysis rate kp for CH2OO can be compared to its bimolecular reaction rate with 
atmospheric pollutants under ambient air quality conditions.  Using the recently reported kinetic 
rate coefficients for CH2OO with SO2 and NO2,12 and average annual concentrations for these 
pollutants of 2 and 11 ppb,26 respectively, the bimolecular loss of CH2OO from each of these 
reactions is expected to occur with a rate of 2 s-1.  The similarity of the estimated rates for 
bimolecular and photochemical loss processes suggests that solar photolysis may be a significant 
decay path for CH2OO under daytime conditions in the troposphere.  It is worth noting that direct 
dissociation of CH2OO upon solar irradiation yields O(1D) photoproducts, which react with H2O 
to produce secondary OH radicals. 
In summary, we report a very strong UV absorption of the CH2OO biradical on the B-X transition 
in the 320-350 nm region, providing a distinctive spectral signature of the Criegee intermediate 
for future laboratory and field studies.  UV excitation is observed as a depletion of the ground 
state and corresponding VUV photoionization at 10.5 eV, which provides mass- and isomer-
specific detection of CH2OO.  UV excitation results in a large depletion (approaching 100%) due 
to direct dissociation from a fully repulsive B-state potential along the O-O coordinate.  The rate 
for photochemical loss of CH2OO upon solar irradiation is predicted to be comparable to that for 
its key bimolecular reactions in the troposphere.  Thus, UVA photolysis may play a significant 
role in the overall atmospheric lifetime of the Criegee intermediate in the daytime. 
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CHAPTER 5  
UV Spectroscopic Characterization of an Alkyl Substituted Criegee 
Intermediate CH3CHOO  
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I.  Introduction 
Ozonolysis has long been known to be an important mechanism in the tropospheric oxidation of 
alkenes.1-3  Yet despite the wealth of attention that this class of reaction has drawn in recent years, 
there is still much unknown, in particular the fate of the biradical reactive intermediate known as 
the Criegee intermediate.  The ozonolysis reaction involves cycloaddition of ozone across the 
double bond of the alkene to form a primary ozonide, which is created highly internally excited 
and subsequently decays to a carbonyl species and a Criegee intermediate.  Figure 1 illustrates an 
ozonolysis reaction generating the alkyl substitute Criegee intermediate CH3CHOO. 
Alkenes that undergo atmospheric ozonolysis reactions can be divided into two categories, 
namely those that are produced by vegetation in clean air environments and those that arise from 
anthropogenic sources in polluted environments.4-6  Clean air environments tend to be richer in 
alkenes such as terpenes and isoprenes.  Ozonolysis of these larger alkenes generates semi-
volatile oxygenated species that can eventually form secondary organic aerosols.3, 7  In urban 
areas, combustion emissions give rise to high levels of short chain alkenes including ethene, 
propene, butene and pentene;8 these unsaturated hydrocarbons are primary pollutants, accounting 
for about 12% of total volatile organic compounds.9  These smaller alkenes are only slowly 
oxidized in atmospheric reactions with OH and O3.  The Criegee intermediates produced from 
these smaller alkenes have 4 or less carbons, starting with CH2OO and then CH3CHOO, which 
are the focus of this and other recent work. 
The ozonolysis reactions are highly exothermic, leaving sufficient energy in the Criegee 
intermediate to enable subsequent unimolecular decay; the excess energy is not sufficient to 
dissociate the carbonyl species.3  Alternatively, the Criegee intermediate can be collisionally 
stabilized and/or react with other trace species in the atmosphere, such as NO2, SO2, HOx and  
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Figure 1.  Schematic showing the mechanism for atmospheric ozonolysis of alkenes forming 
CH3CHOO and an aldehyde or ketone.  R1 and R2 are arbitrary substituents. 
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H2O.  The unimolecular and bimolecular processes yield OH radicals and other products of 
atmospheric significance including HO2, CO, CO2, CH3, and H2CO.  A significant fraction of 
Criegee intermediates formed in the atmosphere are thought to be collisionally stabilized 
(upwards of 50%).10   
The reaction of the Criegee moiety with water has garnered significant attention because of 
water’s natural atmospheric abundance and the possibility of generating OH radicals as a reaction 
product.11-14  However, bimolecular reactions are not the only possible source of OH radicals 
from Criegee intermediates.  Unimolecular decomposition can also generate OH radicals via two 
different proposed mechanisms: (1) the Criegee intermediates can undergo a 1,4-hydrogen shift to 
form an unsaturated hydroperoxide that can then dissociate to give OH radicals and/or (2) the 
Criegee intermediates can isomerize to a dioxirane and subsequently decompose to produce OH 
radicals.  The former is thought to be more significant for many alkyl substituted Criegee 
intermediates, since the barrier to hydrogen migration is generally smaller than that for 
isomerization to dioxirane.11, 15-16 
The short lifetime of Criegee intermediates arising from unimolecular or bimolecular decay has 
made its isolation and detection in the gas phase challenging until very recently.14, 17-19  The 
elusive nature of this species has meant that there are very few direct measurements of its 
unimolecular and bimolecular processes in laboratory studies,14, 18, 20 although there are many 
indirect measurements in laboratory and field studies.4, 11, 15, 21-23  In addition, there has been 
significant computational work to predict the structural and electronic properties of various 
Criegee intermediates as well as their reactions.8, 10, 24-26 
Production of gas phase Criegee intermediates for laboratory study has recently been made 
possible by an alternative synthetic route to ozonolysis18 
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CH2I2 + UV light (248 nm)  CH2I + I 
CH2I + O2  CH2OO + I 
Photolysis of the CH2I2 precursor results in internal excitation of the CH2I fragment,27 much of 
which is expected to be carried over into the CH2OO product in a near thermoneutral reaction.28  
This synthetic route has been demonstrated for generation of CH2OO and CH3CHOO.14, 18  In 
principle, it is a general method for producing other Criegee intermediates, assuming a suitable 
diiodo precursor can be found. 
Initial work using this synthetic method was performed in a low pressure flow cell, which was 
sampled after selected time delays with soft tunable VUV photoionization in a time-of-flight 
mass spectrometer.14, 18, 20 The photoionization threshold measurement showed that the Criegee 
intermediates could be readily distinguished from more stable isomers with higher ionization 
thresholds.  Su et al. has also shown that the simplest Criegee intermediate CH2OO, produced 
from CH2I + O2 in a flow reactor, can be detected using transient IR spectroscopy and identified 
through its distinctive vibrational frequencies.19 
This group recently demonstrated that this synthetic route for Criegee formation can be coupled 
with a free jet expansion by using a quartz capillary attached to a pulsed valve as the reaction cell, 
photolyzing the precursor within it, and allowing collisions in the capillary and in the collisional 
region of the free jet expansion to create and stabilize the Criegee intermediate.17  Detection was 
achieved with mass and isomer selectivity using 118 nm VUV light to photoionize CH2OO in a 
time-of-flight mass spectrometer downstream of the expansion.  Further, this group obtained the 
UV absorption spectrum for the B1Aʹ  X 1Aʹ transition of the smallest Criegee intermediate 
under free jet conditions by UV-induced depletion of the VUV photoionization signal.  The 
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CH2OO B-X transition is peaked at 335 nm with a breadth of 40 nm (FWHM).  This transition is 
predominantly * in character in the Franck-Condon region, involving 4e localized on the C-
O-O carbonyl group, and has significant oscillator strength (f  0.1).  However, theoretical 
examination of the adiabatic potential energy surfaces shows that the excited electronic state 
changes in character as the O-O bond is lengthened and becomes purely repulsive without giving 
rise to any significant minimum on the potential energy surface.  As a result, electronic excitation 
to the CH2OO B 1Aʹ state results in direct dissociation to formaldehyde and excited atomic 
oxygen products at the lowest asymptote limit 
CH2OO (B 1Aʹ)  H2CO (X 1A1) + O (1D) 
Similar photochemistry occurs for isoelectronic O3 in the Hartley bands between 200 and 300 nm, 
with a very intense maximum absorption at 255 nm, leading to both O(1D) and O(3P) products as 
a result of avoided crossings between excited states.29-30 
The present study focuses on changes in the UV absorption spectrum of the Criegee intermediate 
upon alkyl substitution.  We anticipate that the size and complexity of substituent groups may 
affect the central wavelength, breadth, and peak intensity of the UV absorption band, which in 
turn could influence the atmospheric lifetime of the Criegee intermediate due to solar photolysis.  
Theoretical calculations indicate that substituents will result in physical changes in the geometric 
structure of the carbonyl group,10, 31 reflecting changes in the biradical vs. zwitterionic character 
of the C-O-O -system.   
This paper presents the UV absorption spectrum and photochemistry of the alkyl-substituted 
Criegee intermediate CH3CHOO, and compares it with an expanded discussion of the analogous 
properties for the simplest Criegee intermediate CH2OO.17  The experimental results are also 
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compared with theoretical predictions based on new EOM-CCSD potentials.  In addition, we 
consider the atmospheric significance of the UV spectra with respect to solar photolysis of 
Criegee intermediates.  Finally, we observe OH radical products generated in the capillary reactor 
as the Criegee intermediates are formed. 
II.  Experimental Methods 
The Criegee intermediate CH3CHOO (methyl carbonyl oxide) is synthesized in a quartz capillary 
tube reactor prior to a pulsed supersonic expansion.  An analogous synthesis under similar 
experimental conditions has already been demonstrated for CH2OO,17 which builds on prior and 
more recent studies carried out under flow cell conditions.14, 18  The 1,1-diiodoethane (CH2CHI2) 
or diiodomethane (CH2I2) precursor (Sigma Aldrich >98% purity) vapor is entrained in 20% 
O2/Ar carrier gas (25 psi) and pulsed through a quartz capillary tube (1 mm ID, 3 mm OD, 26 mm 
length) into the vacuum chamber.  The diiodo precursor is photolyzed using 248 nm radiation 
from a KrF excimer laser (Coherent, Compex 102, 10 Hz), which is loosely focused with a 
cylindrical lens along the length of the capillary tube.  The photofragments from 248 nm 
photolysis, the products of their reactions with O2, and unreacted gases undergo cooling in a 
supersonic expansion and flow approximately 100 μs downstream as isolated species to the 
ionization region of a time-of-flight mass spectrometer.  Fixed frequency VUV radiation at 118 
nm is utilized for single photon ionization.  The VUV is generated by frequency tripling the third 
harmonic output of a Nd:YAG laser (40 mJ/pulse, 10 Hz) in a phase-matched Xe:Ar gas mixture 
and is focused into the molecular beam using a f = 20 cm focal length MgF2 lens, while the 
residual 355 nm light is separated from the focus of the VUV utilizing the difference in refractive 
index.  The time-of-flight mass spectrum is processed with a digital oscilloscope (LeCroy 
WaveRunner 6050A) and transferred to a laboratory computer for further analysis and averaging. 
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For UV spectroscopic studies of the Criegee intermediates, an unfocussed UV laser beam is 
introduced counter propagating and 100 ns prior to the VUV photoionization laser.  The UV 
radiation is generated by frequency doubling the output of a Nd:YAG (Continuum Surelite II) 
pumped dye laser (Continuum ND6000) utilizing many dyes (Rhodamine 590, 610, 640; DCM; 
LDS 698, 750 751; and dye mixtures), calibrated with a wavemeter (Coherent Wavemaster), and 
its output power measured with a high precision power meter (RJ-F7100, Laser Precision Corp.).  
The UV laser has an effective spot size of 9 mm2 in the ionization region.  The UV laser (5 Hz) is 
present for every other VUV photoionization laser pulse (10 Hz).  This permits the UV laser 
induced depletion of the mass signal to be evaluated from alternating laser pulses and 
subsequently averaged with a LabView program specifically designed for this purpose. 
Hydroxyl radicals present in the free jet expansion are detected using a state selective 1+1ʹ 
resonance enhanced multiphoton ionization scheme (REMPI).32  This process proceeds by 
resonant OH A2+ - X 2 (1,0) excitation followed by VUV ionization at 118 nm (10.5 eV) and 
mass selective detection at m/z=17.  The spatial and temporal arrangements are identical to those 
used in the depletion measurements, which allows for concurrent detection of CH2COO+ or 
CH3CHOO+, arising from VUV only, and the OH radical photoionization signal.  
III.  Theoretical methods 
A wide variety of electronic structure calculations have been carried out for Criegee intermediates 
and their reactions, although very few prior studies have examined their electronically excited 
states,17, 28, 33-34 which is a primary focus of the present work.  Ground state minimum energy 
structures of CH2OO and CH3CHOO were obtained by optimization at the CCSD(T)/6-
311++G(2d,2p) level35 using the Gaussian 09 suite of packages.36  CCSD(T) has been shown to 
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give reliable ground state geometrical parameters for Criegee intermediates by capturing more of 
their zwitterionic character than other methods like MP2.10, 37   
Ground and excited state potentials for CH2OO and CH3CHOO were then obtained with the 
EOM-CCSD/6-311++G(d,p) method starting from the minimum energy structures and scanning 
the O-O bond length, while keeping all other internal coordinates fixed.  Others have indicated 
that EOM-CCSD provides a good estimate of the excited singlet state energies.28  The energies of 
the lowest six singlet states were computed along the O-O coordinate to produce diabatic 
potentials.  Although CCSD is known to have limitations in representing bond breaking processes 
compared to multi-reference treatments, electronically excited states obtained from EOM-CCSD 
are expected to be qualitatively accurate within the Franck-Condon region. 
Previously, the X 1Aʹ and B 1Aʹ potential energy surfaces of CH2OO were calculated using 
CASSCF(18,14)/AVTZ.17 This multireference method provides quantitatively accurate adiabatic 
representations of the X and B states.  Although computationally tractable for the smallest Criegee 
intermediate, this method becomes computationally expensive for larger systems.  This is 
particularly true because a large active space is needed to model the B-X excitation energy of the 
system. 
The vertical ionization potential reported in this work is calculated using MP2/AVTZ optimized 
ground state structure of the neutral species, followed by single point energy calculations of both 
the neutral and the cationic species at the CCSD(T)/AVTZ level.  These calculations were also 
carried out using the Gaussian ‘09 suite of programs.  
IV.  Results 
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Figure 2.  Minimum energy structures determined from CCSD(T) calculations for the smallest 
Criegee intermediate, CH2OO, and the syn and anti-conformers of the Criegee intermediate with 
a single methyl substitution, CH3CHOO.  Interactions between the terminal oxygen and two out-
of-plane hydrogens preferentially stabilize the syn-CH3CHOO form.  The O−O and C-O bond 
lengths for the Criegee intermediates are indicated; the structural parameters are in good accord 
with those reported by Anglada et al.10 
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The minimum energy structures computed using CCSD(T) methods for the CH2OO and 
CH3CHOO Criegee intermediates are shown in Figure 2.  The smallest Criegee intermediate 
(CH2OO) displays only a single conformational form, whereas the larger Criegee (CH3CHOO) 
has two conformers with an energy difference of 3.6 kcal mol-1, the syn structure being lower in 
energy than the anti form.38  The barrier to isomerization is quite high, estimated to be 29 to 38 
kcal mol-1, and there is also a smaller barrier to methyl rotation for each conformer.3, 38  The 
intramolecular stabilization afforded in the syn configuration is derived from interactions between 
the terminal oxygen and two out-of-plane hydrogen atoms of the CH3 group as evident in Figure 
2.39-40  The methyl group is rotated by 60˚ in the optimized structures for the two conformers.  
The substituent group can play an additional role, namely altering the electronic and geometric 
features associated with the carbonyl oxide (C-O-O) group.33, 37, 41  The weakly electron-donating 
CH3 substitution, however, is not predicted to affect the carbonyl oxide properties in a significant 
way, suggesting little change in the electronic character (biradical vs. zwitterionic) of CH3CHOO 
compared to CH2OO.10 
The relative abundance of the two CH3CHOO conformers generated in the capillary reactor from 
photolysis of CH3CHI2 and reaction with O2, and/or supersonic cooling is not known, although 
one can anticipate that the more stable syn-CH3CHOO conformer will be more abundant.  Both 
CH3CHOO conformers are expected to be ionized with 118 nm radiation and mass-selectively 
detected at m/z=60 based on photoionization thresholds of 9.3 eV and 9.4 eV for anti- and syn-
CH3CHOO, respectively.14 These workers report far more (90%) production of the syn conformer 
under their flow cell conditions.  On the other hand, the more stable isomers with m/z=60, 
specifically acetic acid (IP = 10.63 eV)42 and methyl dioxirane (vertical IP ≈ 10.8 eV; adiabatic IP 
≈ 10.36 eV16) have higher ionization potentials, the latter determined from CCSD(T) single-point 
calculations, and are not expected be ionized with 10.5 eV radiation.  Similarly, the more stable  
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Figure 3.  Mass spectra of CH2OO (m/z=46) arising from single photon ionization at 118 nm.  
The top trace (a) shows the Criegee photoionization signal.  The lower traces illustrate (b) the 
significantly depleted CH2OO+ signal when UV excitation at 335 nm is added at 2.5 mJ/pulse 
(UV on) and (c) the subtracted CH2OO+ signal (UV on - UV off), the latter termed the depletion 
signal. 
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Figure 4.  Mass spectra resulting from photoionization at 118 nm of CH3CHOO (m/z=60).  The 
traces are analogous to those for CH2OO in Figure 3; however, in this case the UV irradiation 
occurs at 320 nm.   
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isomers of CH2OO with m/z=46, namely formic acid (IP = 11.33 eV) and dioxirane (IP = 10.82 
eV), are neither ionized at 10.5 eV nor observed with this synthetic approach when using tunable 
VUV photoionization or IR spectroscopy.18-19  The mass spectra arising from single photon 
ionization of CH2OO and CH3CHOO at 118 nm are shown in Figures 3 and 4, respectively. 
Figures 3 and 4 also illustrate the significant depletions of the m/z=46 and m/z=60 parent ion 
signals when unfocussed UV laser radiation at 335 nm and 320 nm, respectively, are introduced 
prior to VUV photoionization in the manner described above.  An UV pulse energy of 2.5 mJ in 
9 mm2 area provides sufficient laser intensity to deplete the CH2OO and CH3CHOO 
photoionization signals almost entirely.  These figures show the reduced ionization signals with 
the UV on and the depletions of the ion signals when subtracting UV on from UV off.  
Integration of the ion signals yields the fractional depletion, [(UV on – UV off) / UV off], or 
percentage depletion when multiplied by 100%.  The magnitude of the depletion can also be 
expressed as (N0 – N)/N0 with ground state abundances N0 before and N after UV irradiation.  The 
absorption cross section () is then extracted from the magnitude of the depletion and photon 
fluence () using () = – ln (N/N0) / ().  The photon fluence () is obtained from careful 
measurement of the wavelength-dependent laser power, typically near the maximum of each 
doubled dye curve, and beam spot size. 
The UV-induced depletion of the CH2OO ion signal is measured as a function of UV laser power 
at 335 nm and plotted in the upper panel Figure 5, along with analogous UV depletion data 
recorded at 320 nm for CH3CHOO in the lower panel.  These measurements demonstrate that the 
depletions increase with UV power and, more importantly, that the absorbance, ln(N/N0), scales 
linearly with laser power until the ground state population of the Criegee intermediate is 
significantly depleted.  The linear scaling indicates that UV excitation is a one-photon process,  
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Figure 5.  Percentage depletion of CH2OO+ and CH3CHOO+ ion signals, (N0 – N)/N0 * 100% 
with ground state abundances N0 before and N after UV irradiation at 335 nm and 320 nm, 
respectively, as a function of UV laser power.  The corresponding absorbance, – ln (N/N0), 
changes linearly with UV power indicating a one-photon process. 
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while the large magnitude of the depletions – well in excess of 50% – shows that both CH2OO 
and CH3CHOO undergo rapid dynamics following promotion to their respective excited 
electronic states. 
The UV absorption spectrum of the simplest Criegee intermediate CH2OO, cooled and isolated in 
a supersonic expansion, has been presented in an initial communication,17 and is reproduced in 
Figure 6 (top panel) for comparison with that obtained for CH3CHOO.  As reported previously, 
the UV spectrum of CH2OO peaks at 335 nm with a FWHM derived from a Gaussian fit of 40 nm 
(3700 cm-1).  The maximum absorption cross section was estimated at   5 x 10-17 cm2 molec-1, 
experimental factors (e.g. homogeneity of the laser beam and laser-molecular beam overlap) 
suggest that absolute cross section measurements have uncertainties on the order of a factor of 2. 
For CH3CHOO, significant depletions (60%) of the m/z=60 mass channel are observed upon 
UV irradiation in the 310-330 nm spectral region with pulse energies of 1 mJ.  Smaller 
depletions are seen to both shorter and longer wavelengths, where Rh and LDS dyes yield higher 
UV pulse energies.  The measured depletions are converted to absorption cross section () as 
described above and displayed in Figure 6 (lower panel).  The absorption spectrum obtained in 
this fashion is fit to a simple Gaussian function with an offset, the latter corresponding to the 
minimum depletion (5%) that can be reliably measured, which yields a peak absorption at 320 
nm with a similar FWHM of 32 nm (3500 cm-1).  The uncertainties in each data point are shown 
with error bars, along with the fitting error illustrated by the blue shaded region.  The peak 
absorption cross section for CH3CHOO is estimated at 5 x 10-17 cm2 molec-1, again indicative of a 
very strong UV absorber.  The absorption spectrum of CH3CHOO is shifted 15 nm toward shorter 
wavelength and has a similar profile than that for CH2OO.  The shift of the spectrum will be 
explained in terms of changes in the electronic potential energy surfaces upon CH3 substitution. 
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Figure 6.  Upper panel: Experimental UV spectrum of simplest Criegee intermediate CH2OO, 
derived from UV-induced depletion of the photoionization signal at m/z=46 (reproduced from 
Ref. 17).  Lower panel: Analogous UV spectrum for the alkyl-substituted Criegee intermediate 
CH3CHOO with absorption cross section determined from the UV-induced depletion of the VUV 
ionization signal at m/z=60.  The smooth curve is a fit to a Gaussian form (see text) with 
associated uncertainty in the fit indicated by the blue shading.   
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Since OH radicals are important decay products of energized Criegee intermediates generated 
from ozonolysis of alkenes, we have investigated whether OH radicals can be observed directly 
following production of Criegee intermediates from photolysis of diiodo precursors and  
subsequent reaction with O2.  The UV region scanned in this work to identify the strong 
absorption spectra of CH2OO and CH3CHOO also encompasses many spectral lines of the OH 
radical in the A-X (1,0) region.  This group has recently demonstrated a novel 1+1ʹ REMPI 
scheme for the OH radical, combining state-selective OH A-X (1,0) excitation with fixed-
frequency VUV ionization at 10.5 eV.32  We have implemented 1+1ʹ REMPI to detect OH 
radicals on the OH+ (m/z=17) mass channel following production of CH3CHOO and CH2OO.  
Since any OH produced in the capillary reactor will undergo cooling in the supersonic expansion, 
we searched for OH products from the energized Criegee intermediates on the lowest R1(1.5) line 
of the OH A-X (1,0) transition at 281.5 nm.  Figure 7 shows that OH radicals are indeed detected 
by 1+1ʹ REMPI when the UV laser is resonant with the OH R1(1.5) transition following 
photolysis of the CH3CHI2 precursor and associated production of CH3CHOO in the capillary 
reactor.  No OH+ signal is detected in the absence of excimer photolysis, in the absence of UV 
radiation, or if the UV laser is tuned off of resonance with the OH A-X (1,0) R1(1.5) transition.  In 
addition, a 4-fold weaker OH 1+1ʹ REMPI signal, scaled relative to CH2OO+ or CH3CHOO+, is 
observed following photolysis of CH2I2 and subsequent reaction with O2 to form CH2OO as 
shown in Figure 7.  Note the same requirements for observation of OH+ products: excimer 
photolysis and resonant UV excitation on the OH A-X (1,0) R1(1.5) line.  In both systems, only 
the lowest R1(1.5) line and no higher lines of the R1 branch are observed, indicating effective 
cooling of the OH X 2 radicals and presumably the Criegee intermediates in the capillary reactor 
and/or supersonic expansion. 
V.  Discussion 
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Figure 7.  Hydroxyl radical photoionization signals utilizing 1+1ʹ REMPI with the OH A-X (1,0) 
R1(1.5) transition as the resonant step followed by VUV ionization at 118 nm.  The OH signals at 
m/z=17 have been scaled to the CH2OO+ or CH3CHOO+ signals arising from VUV ionization.  
The OH photoionization signal is observed when the UV laser is resonant with the R1(1.5) line 
(upper trace) and not when the UV laser is scanned off resonance (lower trace) or absent. 
  
 
85 
 
A.  UV spectra of CH2OO and CH3CHOO 
The UV absorption spectra of CH2OO and CH3CHOO are compared in Figure 6.17  Clearly, 
methyl substitution induces a shift of 15 nm to shorter wavelength in the peak of the absorption  
spectrum from 335 nm to 320 nm.  Apart from the spectral shift, the UV spectra look very 
similar, both broad in nature, with comparable peak absorption cross sections.  In both systems, 
the UV absorption arises from a strong * transition originating from a 4 electron  system 
localized on the carbonyl oxide group of the Criegee intermediate. 
Nevertheless, the characteristic UV absorption of the Criegee intermediate is shifted for 
CH3CHOO compared to CH2OO.  One might naively surmise that the shift originates from the 
electron-donating properties of the methyl group.  A deeper understanding of the origin of the 
shift is obtained from ab initio calculations of the potentials for the X 1Aʹ and B 1Aʹ states of syn-
CH3CHOO, anti-CH3CHOO, and CH2OO shown in Figure 8.  The ground state potentials show 
that the syn-conformer of CH3CHOO is more stable than anti-CH3CHOO, as reported 
previously.10, 38  This conformer specific stabilization for the ground state of syn-CH3CHOO 
arises from an intramolecular interaction between the terminal oxygen atom with hydrogen atoms 
located on the methyl group.  In addition, and more importantly, the excited B state of syn-
CH3CHOO is destabilized relative to the excited state potentials for anti-CH3CHOO and CH2OO.  
The destabilization of syn-CH3CHOO appears to arise from * character extending from the 
carbonyl oxide onto the methyl hydrogen atoms.  The combination of ground state stabilization 
and excited state destabilization shifts the vertical B-X transition for syn-CH3CHOO (3.8 eV) to 
higher energy, and correspondingly shorter wavelength, than those for anti-CH3CHOO (3.5 eV) 
and CH2OO (3.6 eV), in each case starting from the equilibrium configuration. 
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Figure 8.  Ab initio potentials for syn-CH3CHOO (left, squares), anti-CH3CHOO (middle, 
crosses), and CH2OO (right, circles), computed at the EOM-CCSD/6-311++G(d,p) level (see 
text).  The black curves represent the potentials for the ground X1Aʹ state, while the red and blue 
curves show diabatic potentials for the excited electronic states.  The B 1Aʹ state, shown in red, is 
crossed near the Franck-Condon region by a repulsive 1Aʹ blue potential. 
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Given that the spectral shift observed experimentally is consistent with the conformer-specific 
shift predicted for syn-CH3CHOO, it seems likely that this more stable conformer of CH3CHOO 
is primarily formed under the experimental conditions used in this work.  The rapid cooling 
afforded by the free jet expansion and large barrier to isomerization should favor the syn 
conformer, which is the global minimum energy structure.  Attempts to fit the UV absorption 
spectrum (Figure 6) for CH3CHOO to two Gaussians (peaked at 320 nm and in the vicinity of 335 
nm) suggests that on the order of 3% or less of the spectral intensity could be due to anti-
CH3CHOO.  Thus, the UV absorption spectrum in Figure 6 is principally attributed to the syn-
conformer of CH3CHOO.  Recent work on the photoionization thresholds and bimolecular 
reactivities of syn- and anti-CH3CHOO, generated under flow cell conditions, indicates that 
approximately 90% of the total population is the syn conformation.14 
The EOM-CCSD calculations yield energies for the ground and excited singlet states of syn-
CH3CHOO, anti-CH3CHOO and CH2OO at specific geometries along the O-O coordinate.  As 
evident in Figure 8, these calculations yield essentially diabatic potentials, which do not account 
for nonadiabatic interactions between the excited B 1Aʹ and repulsive 1Aʹ states.  Nonadiabatic 
interactions need to be included to determine the gradients of the excited state potentials along the 
O-O coordinate and thereby model the absorption spectra using a one-dimensional reflection 
principle approximation.  The UV absorption spectrum for CH2OO was computed in this manner 
previously based on adiabatic potentials derived from CASSCF calculations; however, this 
method is not readily extended to larger Criegee intermediates.  The nonadiabatic interactions 
may influence the shape of the excited state potential near the Franck-Condon region, for 
example, possibly leading to a nearly flat plateau over a range of O-O distances.  (Such a plateau 
region might also support bound or quasi-bound states on the excited state surface, as found for 
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ozone.29)  As a result, detailed calculations of the nonadiabatic couplings for these Criegee 
systems are underway and will be presented elsewhere. 
The absorption cross section () can be used to estimate the photochemical loss of syn-
CH3CHOO due to solar irradiation and compared with that for CH2OO.17  The significance of this 
photochemical loss process depends critically on the overlap of the UV absorption spectrum for 
the Criegee intermediate with the solar actinic flux in the troposphere.  This is illustrated in 
Figure 9, where the Gaussian fits to the experimental absorption spectra for CH2OO and 
CH3CHOO are shown overlaid with the maximum actinic flux F() for a 0 zenith angle at the 
Earth’s surface.  The solar photolysis rate coefficients kp for CH2OO and CH3CHOO are 
calculated from the expression 

       ( ) ( ) ( )pk F d
 
assuming a photodissociation quantum yield () of unity.  The resultant lifetimes τ = (kp)-1 
indicate that the shift of the syn-CH3CHOO absorption to shorter wavelength compared to 
CH2OO will increase the Criegee intermediate’s atmospheric lifetime by a factor of two from 2 s 
to 5 s with respect to solar photolysis.  This change shows that further study of substituted 
Criegee intermediates is needed, with a clear focus on the types of substituents that are likely to 
have atmospheric relevance. 
The solar photolysis rate for syn-CH3CHOO can be compared with the bimolecular reaction rates 
with SO2 and NO2 under ambient air quality conditions utilizing the recently reported rate 
coefficients.14  At average concentrations of these pollutants at 2 and 11 ppb,43 the bimolecular 
loss of syn-CH3CHOO would be approximately 1 and 2 s-1, respectively.  The bimolecular  
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Figure 9.  Gaussian fits to the experimental absorption cross-section data for CH2OO and 
CH3CHOO (Figure 6) are shown in red and black, respectively.  These are overlaid on a shaded 
region indicating the solar actinic flux at a zenith angle of zero degrees at the Earth’s surface 
(Ref. 2).  The spectral shift of the absorption spectrum for CH3CHOO relative to CH2OO reduces 
its overlap with the actinic flux and increases its atmospheric lifetime due to solar photolysis. 
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reaction rates are similar for syn-CH3CHOO and CH2OO, while the solar photolysis rate is 
somewhat slower for the alkyl-substituted Criegee intermediate. 
B. Direct detection of OH radicals with CH2OO and CH3CHOO 
The majority of experimental information about the formation and unimolecular decay of Criegee 
intermediates has been based on indirect measurements, often of the OH radical.  In this work, we 
show that the OH radical and Criegee intermediates can be detected concurrently.  OH radicals 
are observed by 1+1ʹ REMPI and detected at m/z=17 in conjunction with Criegee intermediate 
photoionization signals for both CH2OO (m/z=46) and CH3CHOO (m/z=60).  The internal energy 
of newly formed CH2OO will be approximately that of the CH2I fragment generated in the 248 
nm photodissociation of CH2I2, since the subsequent reaction of CH2I + O2  CH2OO + I is 
nearly thermoneutral.28  The CH2I + I* (2P1/2) product channel leaves 35 kcal mol-1 in the CH2I 
fragment;27 the CH2I + I (2P3/2) channel can further fragment to CH2 + I + I (or I2).  The energized 
CH2OO then has sufficient internal energy to surmount the barrier for isomerization to dioxirane, 
which is predicted to be 20 kcal mol-1.39  For comparison, alkene ozonolysis results in a primary 
ozonide with an internal energy on the order of 50 kcal mol-1, from which CH2OO + H2CO 
fragments are generated.3  Detailed information on energy disposal in the photolysis of CH3CHI2 
and the thermochemistry of the subsequent reaction to form CH3CHOO is not available. 
Energized alkyl-substituted Criegee intermediates can also produce OH radicals through 
intramolecular rearrangement via a 1,4-hydrogen shift and subsequent dissociation.8, 15, 22, 39, 44  
This is expected to be predominant pathway to OH for syn-CH3CHOO because the predicted 
barrier is lower (17 kcal mol-1); anti-CH3CHOO and CH2OO must surmount a higher barrier 
(20-24 kcal mol-1) and less favorable path to OH via dioxirane.39  The more favorable pathway to 
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OH from alkyl-substituted Criegee intermediates is supported by the IUPAC preferred OH yields: 
the OH yield from ozonolysis of E-2-butene, which solely produces CH3CHOO, is four times that 
from ethene (OH yields of 0.64 and 0.16, respectively).45  The OH photoionization signals seen in 
this work, after normalization to their respective Criegee intermediate mass peaks, are four-fold 
larger with syn-CH3CHOO than CH2OO, which is consistent with trend in the IUPAC yields.  
The absolute yield of OH cannot be estimated until the relative photoionization cross sections for 
CH2OO and CH3CHOO at 118 nm as well as OH via the 1+1 REMPI scheme are determined.  
The concomitant photoionization detection of OH+ and CH2OO+ or CH3CHOO+ lends itself to 
further studies of OH production that are ongoing, which will provide additional insight into the 
mechanisms for decomposition of energized Criegee intermediates. 
VI. Conclusions 
We report a very strong, broad UV absorption of the CH3CHOO Criegee intermediate peaked at 
320 nm with an absorption cross section of 5 x 10-17 cm2 molec-1.  Near the peak, UV excitation 
induces a significant depletion in the 10.5 eV photoionization signal of CH3CHOO at m/z=60.  
The UV absorption arises from a * transition localized primarily on the carbonyl oxide 
group.  The UV spectrum is primarily attributed to the syn-conformer based on its shift to shorter 
wavelength relative to CH2OO, and the calculated vertical excitation energies of the B-X 
transitions for the syn- and anti-conformers of CH3CHOO and CH2OO.  A conformer-specific 
stabilization of the ground state and destabilization of the excited state leads to preferential 
production of the syn-conformer of CH3CHOO and a sizable spectral shift toward higher energy 
compared to anti-CH3CHOO or CH2OO.  The EOM-CCSD potentials for the excited states of the 
Criegee intermediates indicate dissociation along the O-O coordinate after excitation to the B-
state, consistent with the large depletions (approaching 100%) and associated rapid decay 
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dynamics of the excited states.  The spectral shift slows the solar photochemical loss of syn-
CH3CHOO compared to that for CH2OO; nevertheless, the solar photolysis rates for the Criegee 
intermediates are comparable to those for their key bimolecular reactions under ambient 
conditions in the troposphere.  Finally, OH radical products are observed concurrently with the 
generation of the CH3CHOO and CH2OO Criegee intermediates by photoionization detection.  A 
larger yield OH+ relative to CH3CHOO+ is observed as compared to that for CH2OO+, consistent 
with prior studies of OH yields from alkene ozonolysis. 
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CHAPTER 6  
UV Spectroscopic Characterization of Dimethyl- and Ethyl-Substituted 
Carbonyl Oxides 
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I.  Introduction 
A major loss pathway for alkenes in the troposphere is through their reaction with ozone, which 
generates oxygenated compounds and free radicals of atmospheric significance, including OH, 
HO2, CO, CO2, CH3, and H2CO.1  Ozonolysis of large alkenes, such as terpenes, which dominate 
global alkene emissions, yields semi-volatile products that are likely to be partitioned into the 
condensed phase and lead to the formation of secondary organic aerosols.2  Gas phase ozonolysis 
is generally understood to proceed through the Criegee mechanism,3 which is initiated by 
cycloaddition of ozone across the alkene double bond producing an internally excited primary 
ozonide.  The primary ozonide undergoes rapid unimolecular dissociation to carbonyl and 
carbonyl oxide species, the latter known as Criegee intermediates.  The Criegee intermediates are 
produced with a large degree of internal excitation that often results in unimolecular decay to OH 
radicals.4  The internally excited Criegee intermediates can also undergo collisional stabilization 
and/or reaction with other atmospheric species, such as NO2, SO2, HOx and H2O.5-7  Recent 
experiments in this laboratory have revealed an additional daytime loss pathway arising from 
solar photolysis.8-9 
Naturally abundant alkenes vary widely in size and complexity, ranging from the simplest ethene 
to larger terpenes, and upon ozonolysis generate Criegee intermediates with a variety of 
substituent groups.  Terminal alkenes are most abundant,10-11 and generate the simplest Criegee 
intermediate CH2OO.  Alkenes with internal double bonds account for a smaller portion of the 
total emissions from anthropogenic and biogenic sources; nevertheless, ozonolysis of these 
internal alkenes may contribute significantly to the tropospheric HOx budget.12  Ozonolysis of 
branched internal alkenes with (CH3)2C=C structural unit such as terpinolene, a monoterpene 
associated with secondary organic aerosol formation,2 will yield a dimethyl-substituted Criegee 
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intermediate (CH3)2COO.  An ethyl-substituted Criegee intermediate CH3CH2CHOO can be 
generated from some linear internal alkenes or 1-butene, a common emission from fuel 
combustion and biomass burning.10  Asymmetric alkenes will yield two different Criegee 
intermediates with substituents from each side of the original C=C bond.  As a result, when 
considering alkene sources of (CH3)2COO and CH3CH2CHOO, we will refer to ozonolysis of the 
symmetric alkenes 2,3-dimethyl-2-butene and E-3-hexene.  The nature and location of the 
substituents on the Criegee intermediate are expected to influence their atmospheric fate, 
including UV photolysis rate,8 bimolecular reaction rates with NO2, SO2 and H2O,7, 13 and 
unimolecular decomposition into OH.4, 14 
Ozone-alkene reactions have long been a subject of atmospheric interest as a non-photolytic 
source of OH.  The OH radical yield has been investigated for a series of alkenes, and the OH 
yield is found to increase from ethene to alkyl substituted alkenes, approaching unity in highly 
branched alkenes.1, 14-15  The OH radical products are believed to be generated from unimolecular 
decomposition of Criegee intermediates.  The increased OH yields for the larger Criegee 
intermediates are indicative of faster rates for unimolecular decay to OH relative to other 
channels, e.g. collisional stabilization, bimolecular reactions, and/or solar photolysis.   
Six prototypical Criegee intermediates have been identified as characteristic of the dominant 
carbonyl oxide species in the atmosphere.6  Three of these have recently been detected by VUV 
photoionization under thermal and/or jet-cooled conditions: CH2OO and syn- and anti-
CH3CHOO.8-9, 13, 16  Of these, both CH2OO and syn-CH3CHOO have been further characterized 
by their UV absorption spectra under jet-cooled conditions in this laboratory.8-9  There is also a 
recent report of the UV absorption spectrum for CH2OO under thermal conditions.17  The latter 
may have hot band contributions to the spectrum in analogy with isoelectronic ozone.18-20  In 
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addition, CH2OO has been characterized using Fourier transform IR and MW spectroscopy by the 
Y.P. Lee, Nakajima and Endo, and McCarthy groups;21-23 Nakajima and Endo have also reported 
the pure rotational spectrum of syn-CH3CHOO.24 
This paper presents the first identification of the fourth prototypical Criegee intermediate 
(CH3)2COO as well as its structural isomer CH3CH2CHOO via VUV photoionization and UV 
absorption spectroscopy.  The methyl-, dimethyl- and ethyl-substituted Criegee intermediates 
CH3CHOO, (CH3)2COO, and CH3CH2CHOO can be viewed as proxies for carbonyl oxides with 
longer alkyl side chains.  Weak electron-donating alkyl substituents may influence the  electron 
density localized on the COO subunit of the Criegee intermediate, potentially changing the 
biradical vs. zwitterionic character, and thus the C-O and O-O bond lengths.7  We utilize the 
strong * transition for identification and characterization of the alkyl-substituted carbonyl 
oxides.   
Previous studies in this laboratory have investigated the UV absorption spectra of jet-cooled 
CH2OO and CH3CHOO, which are generated from diiodo precursors in a quartz capillary reactor 
and detected in a time-of-flight mass spectrometer with fixed frequency VUV ionization at 118 
nm (10.5 eV).8-9  UV excitation resonant with the B-X transition depletes the ground state 
population and results in reduced ion signals for the Criegee intermediates, which enables 
laboratory measurements of their UV absorption spectra.  The absorption spectra of CH2OO and 
CH3CHOO peak at 335 nm and 320 nm, respectively, with large absorption cross sections (5 × 
10-17 cm2 molec-1).  The excited B state potential energy surface is repulsive along the O-O 
coordinate, which results in rapid dissociation of the jet-cooled Criegee intermediates upon 
electronic excitation from 280-420 nm.  At the lowest dissociation asymptote, the photolysis 
products are singlet aldehydes and O 1D.8-9  A recent study in this laboratory utilized velocity map 
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imaging to characterize the velocity and angular distributions of the O 1D products following UV 
photodissociation of CH2OO, and determine an upper limit for the CH2OO X 1A dissociation 
energy of 54 kcal mol-1.25 
The present study focuses on the UV absorption spectra of the dimethyl- and ethyl-substituted 
Criegee intermediates, (CH3)2COO and CH3CH2CHOO, under jet-cooled conditions, and 
comparison of their spectra with those previously reported for the CH2OO and CH3CHOO 
Criegee intermediates.8-9  The solar photolysis rates for the alkyl-substituted Criegee 
intermediates are then derived and compared with that for CH2OO.  In our experimental setup, 
OH radicals are detected simultaneously with the Criegee intermediates in the mass spectrum.  
The OH yields are scaled relative to the parent Criegee intermediates and compared for different 
substituents.  Finally, the stationary points along the reaction coordinate from the Criegee 
intermediate to OH products are computed to facilitate comparison among the systems. 
II.  Methods 
The Criegee intermediates are generated and detected following the procedures described 
previously for CH2OO and CH3CHOO.8-9  In this study, (CH3)2COO and CH3CH2CHOO are 
produced from 2,2-diiodopropane (CH3)2CI2 and 1,1-diiodopropane CH3CH2CHI2 precursors, 
respectively, which are synthesized using the method outlined below.  The precursors are seeded 
in 20% O2/Ar carrier gas at 25 psi and pulsed from a solenoid valve into a quartz capillary tube (1 
mm ID) reactor.  The precursors are photolyzed with 248 nm radiation from an excimer laser 
(Coherent, COMPex 102) along the length of the capillary tube and the iodo-propyl fragments 
subsequently react with O2 to produce the Criegee intermediates.  The resultant gas mixture 
undergoes supersonic expansion on exiting the capillary tube and travels 4 cm downstream to 
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the interaction region of a time-of-flight mass spectrometer (TOF-MS), where it is intersected at 
right angles by counter-propagating UV and 118 nm VUV laser beams. 
Fixed frequency VUV radiation at 118 nm is generated by frequency tripling the third harmonic 
of an Nd:YAG laser (Continuum Powerlite 9010) at 355 nm (50 mJ/pulse) in a phase-matched 
Xe/Ar gas mixture.  The 118 nm VUV laser is used for one photon ionization of the Criegee 
intermediates and the resultant m/z=74 ions are detected by TOF-MS.  For UV spectroscopic 
studies, an unfocussed UV laser fires 100 ns prior to the VUV photoionization laser.  The UV 
laser excites the Criegee intermediates to the B state, which induces depletion of the ionization 
signal.  The tunable UV radiation is generated by frequency doubling the output of Nd:YAG 
(Continuum Surelite II) pumped dye laser (ND 6000) using various dyes (Rhodamine 590, 610, 
640; DCM; LDS 698, 750 and dye mixtures) and calibrated with a wavemeter (Coherent 
Wavemaster) and a power meter (RJ-F7100, Laser Precision Corp.).  The measurements are 
performed at UV wavelengths near the peak output of each laser dye, enabling the dye laser to 
function with optimum efficiency and stability.   
Hydroxyl radicals are ionized using a state-selective 1+1ʹ resonance enhanced multiphoton 
ionization scheme (REMPI),26-27 which combines resonant OH A-X (1,0) excitation on the 
R1(1.5) line at 281.5 nm with VUV ionization at 118 nm, the latter being the same VUV laser 
utilized for single-photon ionization of the Criegee intermediates.  As a result, OH radicals can be 
detected at m/z=17 concurrently with the Criegee intermediates in the TOF-MS. 
The 2,2-diiodopropane and 1,1-diiodopropane precursors are synthesized following a slightly 
adapted version of the methods developed by Pross and Sternhell.28  Acetone (Fisher Scientific, 
≥99.5%) or propionaldehyde (Acros Organics, 99+%) is added dropwise to hydrazine 
monohydrate (Acros Organics, 100%) to obtain crude hydrazones.  Triethylamine (Acros 
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Organics, 99.7%) and a saturated iodine (Acros Organics) solution in ether are added to the 
hydrazine to obtain the final products, which are isolated by Kugelrohr distillation.  The diiodo 
products are confirmed by 1H NMR. 
Vertical ionization energies are obtained by single point energy calculations of neutral and 
cationic species at the CCSD(T)/aug-cc-pVTZ level of theory based on B3LYP/aug-cc-pVTZ 
optimized neutral ground state geometries.  Energetics of the Criegee intermediates, transition 
states, and vinylhydroperoxides are determined from CCSD(T)/6-311+G(2d,p) single point 
calculations with geometries optimized at the B3LYP/6-311+G(2d,p) level.  The CCSD(T) 
energies at each stationary point are zero point energy (ZPE) corrected using DFT frequencies, 
and the dissociation limit is further corrected for basis set superposition error at the CCSD(T) 
level. The calculations are carried out with the Gaussian 09 suite of programs.29   
III.  Results 
The dimethyl- and ethyl-substituted Criegee intermediates, (CH3)2COO and CH3CH2CHOO, 
illustrated in Figure 1, are separately generated in a pulsed supersonic expansion by 248 nm 
photolysis of (CH3)2CI2 and CH3CH2CHI2 precursors, respectively, and reaction with O2 in a 
quartz capillary tube.  The Criegee intermediates are ionized by fixed frequency VUV radiation at 
118 nm (10.5 eV) and detected on the parent mass channel at m/z=74 in a TOF-MS.  The photon 
energy exceeds the calculated vertical ionization energies of 8.71 eV for (CH3)2COO and 9.14 eV 
and 8.96 eV for the syn and anti conformers of CH3CH2CHOO.  The generation and detection of 
the Criegee intermediates are analogous to prior studies of the smaller Criegee intermediates 
CH2OO and CH3CHOO.8-9  Since (CH3)2COO and CH3CH2CHOO are detected using the same 
mass channel, blank measurements are performed between each sample change to eliminate any  
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Figure 1.  Minimum energy structures for (CH3)2COO and CH3CH2CHOO computed using 
B3LYP/6-311+G(2d,p).  The O-O and C-O bond lengths are reported as descriptors of the -
character of the systems. 
  
 
105 
 
 
Figure 2.  Time-of-flight mass spectra for (CH3)2COO and CH3CH2CHOO, separately detected at 
m/z=74, arising from single photon ionization at 118 nm.  The top traces (a) correspond to the 
photoionization signal of the Criegee intermediates.  The middle traces (b) show the significantly 
depleted photoionization signals for (CH3)2COO and CH3CH2CHOO upon UV excitation at 323 
and 322 nm, respectively.  The bottom traces (c) illustrate the depletion [UV on (trace b) – UV 
off (trace a)] induced by UV excitation.  The UV excitation and VUV ionization scheme is 
illustrated at right. 
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interference from the other isomeric species.  Figure 2 shows representative ion signals arising 
from single photon VUV ionization of (CH3)2COO and CH3CH2CHOO.   
Significant depletion of the ion signals is observed when unfocussed UV laser radiation is 
introduced prior to the VUV photoionization laser as described above using a UV wavelength  
near the peak of the absorption spectrum for each Criegee intermediate.  As shown in Figure 2, 
depletions far in excess of 50% are observed for (CH3)2COO and CH3CH2CHOO when excited at 
323 and 322 nm, respectively.  Similarly large depletions were observed previously for CH2OO 
and CH3CHOO when excited near the peak of their respective B-X transitions.8-9   Both 
experiment and theory indicate that excitation of CH2OO to the B 1A state leads to dissociation,9, 
25 while ab initio calculations indicate that excitation of syn- and anti-CH3CHOO to their B 
electronic states also leads to dissociation.8  The large depletions shown in Figure3 indicate that 
promotion of the dimethyl- and ethyl-substituted Criegee intermediates on an analogous 
electronic transition also results in rapid dynamics, and likely leads to O-O bond cleavage as seen 
for CH2OO. 
The fractional (or percentage) depletion is determined as the change in the ion signal upon UV 
irradiation, (N0-N)/N0 (or multiplied by 100%), where N0 and N correspond to the integrated ion 
signal intensity before and after UV irradiation, respectively.  The magnitude of the UV-induced 
depletion is measured as a function of wavelength over the 288 to 368 nm range to obtain the 
absorption spectrum for each Criegee intermediate.  The absorbance, ln(N/N0), signal scales 
linearly with UV laser power over the range utilized for spectroscopic measurements, indicating a 
one-photon process.  The unfocussed UV laser power is typically set at 1 mJ/pulse near the peak 
of the absorption profile; at much higher laser powers (e.g. 2.5 mJ/pulse), the ground state 
depletion can approach 100%.  
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Figure 3.  Experimental absorption spectra for jet-cooled (CH3)2COO (upper panel) and 
CH3CH2CHOO (middle panel) derived from UV-induced depletion of the VUV ionization signals 
at m/z=74.  The smooth curves through the experimental data points correspond to Gaussian fits 
of the absorption spectra with the uncertainty in the fit indicated by the shaded regions.  The fits 
to the UV spectra for (CH3)2COO (green) and CH3CH2CHOO (blue) are also compared with 
those reported previously8-9 for CH3CHOO (red) and CH2OO (black) Criegee intermediates 
(bottom panel).  
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The absorption cross section σ(λ) for each Criegee intermediate is then evaluated using σ(λ) = -
ln(N/N0)/φ(λ).  Here, φ(λ) is the UV photon fluence, which is the number of UV photons per unit 
area (6 mm2 at 320 nm) in the interaction region.  (A similar methodology has been utilized in 
determining the absorption cross section for ClOOCl.30)  Figure 3 shows the resultant broad UV 
absorption spectra of the Criegee intermediates (CH3)2COO and CH3CH2CHOO plotted as 
absorption cross section σ(λ) vs. UV wavelength.  The standard deviations (1σ) derived from 
repeated measurements at each wavelength are illustrated by the vertical error bars.  Greater 
depletions of the Criegee intermediate signals are found near the peak wavelength (50%-60% at 
320 nm) than those obtained at wavelengths on either side of the maximum (20%-30% at 290 and 
360 nm) with similar UV pulse energies (1 mJ).  Each absorption spectrum is then fit using a 
simple Gaussian function with an offset; the nonzero offset arises from the detection limit of the 
depletion measurements (~3%).  The experimental data and Gaussian fits for (CH3)2CO and 
CH3CH2CHOO are shown in separate panels in Figure 3, along with the uncertainty in each fit 
represented by shaded regions.  The UV spectrum for (CH3)2COO peaks at 323(2) nm with a 
breadth of 35 nm (3340 cm-1) FWHM derived from the fit.  The UV spectrum is quite similar for 
CH3CH2CHOO with peak at 322(2) nm and FWHM of 39 nm (3740 cm-1).  The peak absorption 
cross sections for (CH3)2COO and CH3CH2CHOO are separately estimated to be 4 and 3.5 x 
10-17 cm2 molec-1.  Clearly, the magnitude of the peak absorption cross sections indicates that 
these Criegee intermediates are strong UV absorbers, as found previously for CH2OO and 
CH3CHOO.8-9  Experimental factors, such as inhomogeneity of the UV laser beam, suggest an 
uncertainty in the absolute cross sections on the order of a factor of 2.   
The hydroxyl radical is an important unimolecular decay product of highly excited Criegee 
intermediates.4, 31-33  In our experimental setup, OH radicals are ionized using a state-selective 
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1+1ʹ REMPI scheme26-27 that utilizes OH A-X (1-0) excitation as the resonant step followed by 
fixed frequency VUV ionization at 10.5 eV, which is the same laser utilized for photoionization 
of Criegee intermediates.  This yields an OH ion signal at m/z=17 well separated from the 
Criegee intermediates (m/z=74) by flight time, and therefore enables direct, simultaneous 
detection of hydroxyl radicals along with the Criegee intermediates in a single time-of-flight mass 
spectrum.  Since the OH radicals generated in the quartz capillary undergo cooling in the 
supersonic expansion before ionization, the OH A-X (1,0) UV excitation wavelength is fixed at 
the R1(1.5) line to probe the population in the ground rovibrational state.  (Prior studies have 
demonstrated that the OH products are effectively cooled in the expansion.8)  Figure 4 compares 
the OH signals (m/z=17) detected concurrently with the Criegee intermediates (CH3)2COO and 
CH3CH2CHOO, and the OH signals detected in an analogous manner with the other smaller 
Criegee intermediates, CH2OO and CH3CHOO, as reported previously.8  No OH+ signal is 
observed when UV laser is turned off or tuned off-resonance from the OH A-X R1(1.5) transition, 
verifying the assignment of the m/z=17 mass ion peak to OH radical.  The amount of different 
Criegee intermediates generated in the molecular beam varies due to the vapor pressures of the 
diiodo precursors, photolysis efficiencies of the precursors at 248 nm, and possibly other factors.  
To compare the amount of OH produced with different Criegee intermediates, the integrated OH 
signal intensities are normalized to the Criegee intermediate mass signals in the same TOF-MS.  
Following this procedure, CH3CH2CHOO is found to be associated with the largest OH signal, 
followed by (CH3)2COO, and both are larger than that of CH3CHOO and CH2OO.  The ratio of 
their normalized OH signal intensities are 10:6:4:1 (Table1).  The observed trend in OH signal 
intensities can be compared with the reported OH yields from alkene ozonolysis, as discussed 
below. 
IV.  Discussion 
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Figure 4.  Hydroxyl radical photoionization signals detected concurrently with the Criegee 
intermediates (a) CH3CH2CHOO, (b) (CH3)2COO, (c) CH3CHOO, and (d) CH2OO; the latter two 
were reported previously.8  OH radicals are detected by a 1+1ʹ REMPI scheme utilizing OH A-X 
(1,0) R1(1.5) excitation and fixed frequency VUV ionization at 118 nm.  The OH signals are 
scaled relative to the corresponding Criegee intermediate ion signals arising solely from VUV 
photoionization. 
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Table 1  Photoionization signals for OH radicals relative to those for Criegee intermediates 
measured concurrently are compared with OH yields reported from ozonolysis of alkenes. 
Criegee intermediate Alkene Reported OH yield OH signal ratioc 
CH2OO Ethene 0.16a 1 
CH3CHOO E-2-Butene 0.64a 4 
(CH3)2COO 2,3-Dimethyl-2-
Butene 
0.90a 6 
CH3CH2CHOO E-3-Hexene 0.53b 10 
a Ref. 15 
b Refs. 11, 40 
c Relative OH ion signals scaled to that observed with CH2OO. 
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This laboratory has previously reported the intense UV absorptions on the B-X transitions of two 
smaller Criegee intermediates CH2OO and CH3CHOO under jet-cooled conditions, which peak at 
320 and 335 nm with similar maximum absorption cross sections of 5 x 10-17 cm2 molec-1.8-9  
The absorption features of CH2OO and CH3CHOO are relatively broad due to the repulsive 
nature of the upper B state in the O-O stretching coordinate.  The methyl-substituted Criegee 
intermediate CH3CHOO has two conformers, syn and anti, with a high interconversion barrier, 
29-38 kcal mol-1,4, 34 due to the partial π-bonding character in the C-O bond.4  In the syn 
conformer, the methyl group lies on the same side as the terminal O atom, whereas in the anti 
conformer, they are on different sides.  An intramolecular interaction between the terminal O and 
methyl H atoms stabilizes the ground state of syn-CH3CHOO, which makes it the dominant 
species under both flow cell and free jet environments;8, 13 this intermolecular interaction also 
destabilizes the excited B state by extending the * character of the carbonyl oxide onto the 
methyl hydrogens.  The combined effect results in a conformer-specific spectral shift of the B-X 
transition for the syn-conformer of CH3CHOO to shorter wavelength.8  The syn conformer of 
CH3CHOO is predominant in photoionization, UV, and FTMW spectra.8, 13, 24 
The minimum energy structures for (CH3)2COO and CH3CH2CHOO are illustrated in Figure 1. 
The syn-conformer of CH3CH2CHOO is the global minimum and is expected to be prevalent in 
experiments.  The anti-conformer of CH3CH2CHOO with the terminal O pointing away from the 
ethyl group lies 1000 cm-1 higher in energy.  The structures are annotated with their respective 
C-O and O-O bond lengths.  The bond lengths in (CH3)2COO are in good accord with those 
reported previously by Anglada et al.7  The ratio of O-O and C-O bond lengths has been proposed 
to be an effective probe of the -system character, and an indicator of the relative zwitterionic vs. 
biradical nature of a Criegee intermediate.  Both of these carbonyl oxides have an O-O to C-O 
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bond length ratio of 1.09, signifying that they have similar amounts of zwitterionic character as 
CH3CHOO, but more zwitterionic character than CH2OO (O-O/C-O ratio of 1.076), as predicted 
for alkyl substituted Criegee intermediates.7 
The overall absorption features for (CH3)2COO and CH3CH2CHOO (Figure 3) are very similar in 
their breadths and peak positions to the methyl-substituted Criegee intermediate CH3CHOO.  
When a mixture of two diiodo precursors ((CH3)2CI2 or CH3CH2CHI2 with CH3CHI2) is prepared 
to probe the relative absorptions of different Criegee intermediates simultaneously, the UV-
induced depletion on each Criegee intermediate mass peak differs, confirming their different 
absorption cross sections.  Although their peak absorption cross sections are slightly lower, 
(CH3)2COO and CH3CH2CHOO are still very strong UV absorbers with max 4 and 3.5 x 10-17 
cm2 molec-1.   
The agreement in peak position of CH3CH2CHOO with the conformer-specific shift of syn-
CH3CHOO is an experimental indication that CH3CH2CHOO is also likely formed predominantly 
in the syn conformation.  The similarities of the peak positions also suggest analogous 
intramolecular interactions between the α-H and terminal O atoms in the Criegee intermediates 
(CH3)2COO and CH3CH2CHOO as found for syn-CH3CHOO.  This is confirmed by preliminary 
TDDFT calculations, in which the vertical excitation energy computed for syn-CH3CH2CHOO is 
shifted to higher energy than other conformers.  Given the similarity of the spectra, it would be 
difficult to distinguish between these Criegee intermediates with different alkyl substitutions via 
UV spectroscopy. 
The calculated ionization energies for (CH3)2COO and CH3CH2CHOO indicate that both Criegee 
intermediates can be detected with the fixed frequency VUV radiation.  Other isomers with 
m/z=74 can also be ionized by a single 118 nm (10.5 eV) VUV photon process, notably 
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dioxiranes, propanoic acid and methyl acetate.  Specifically, dimethyl- and ethyl-substituted 
dioxiranes are calculated to have ionization energies of 10.24 and 10.47 eV, respectively.  The 
ionization energies for stable isomers CH3COOCH3 (methyl acetate) and CH3CH2COOH 
(propanoic acid) have been previously determined to be 10.25 and 10.44 eV, respectively.35  
However, the possible contributions of these other isomers to the mass spectra can be eliminated 
based on the UV spectroscopic characterization.  The absorption spectrum of dimethyl dioxirane 
peaks at λmax=335 nm (ε10) with a cross section in the order of 10-20 cm2molec-1,36 3 orders of 
magnitude lower than that of the Criegee intermediates, and dioxirane species were not observed 
in previous photoionization studies with tunable VUV radiation.37, 21  Carboxylic acids and esters 
have absorptions much further into the UV at 200 nm,38 which is outside of the current 
wavelength range (280-400 nm).  Most importantly, the present UV absorption features attributed 
to (CH3)2COO and CH3CH2CHOO are consistent with other Criegee intermediates identified in 
previous studies in the laboratory performed under jet-cooled conditions with mass- and isomer-
selectivity.8-9 
The UV absorption of stabilized Criegee intermediates overlaps with the UV sunlight radiation 
penetrating the upper atmosphere to reach the troposphere, which will result in daytime 
photolysis of Criegee intermediates.  The photochemical loss rate due to solar irradiation, kp, can 
be estimated by combining the UV absorption cross section of the Criegee intermediates, σ(λ), 
and the solar actinic flux for a 0° zenith angle at the Earth’s surface, F(λ): 
( ) ( ) ( )pk F d

        
where the photodissociation quantum yield φ(λ) is assumed to be unity.  The integration is carried 
out in the UV wavelength window (280-380 nm) over which the Criegee intermediates have a 
 
116 
 
large absorption cross section under jet-cooled conditions, using a Gaussian fit of the UV 
absorption cross section σ(λ) and a 6th order polynomial fit of the solar actinic flux F(λ).  The 
corresponding solar photolysis lifetime τ= (kp)-1 obtained for (CH3)2COO and CH3CH2CHOO are 
predicted to be 5.1 s and 5.7 s respectively, whereas the lifetime of CH2OO and CH3CHOO 
calculated in the same manner are estimated to be 2.4 s and 4.6 s, respectively.  These 
photolysis lifetimes supersede our previous estimates.8-9  The photolysis lifetimes of the larger 
alkyl substituted Criegee intermediates (CH3)2COO and CH3CH2CHOO are quite similar to that 
of CH3CHOO, and a little longer than CH2OO, as expected based on the shift of the absorption to 
shorter wavelength, resulting in decreased overlap with the solar actinic flux, as well as the 
slightly reduced peak absorption cross sections.  Note that the solar photolysis rates of Criegee 
intermediates may increase under thermal conditions in the atmosphere due to hot band 
contributions on the red edge of the absorption spectrum.17 
The photolysis rates of the Criegee intermediates can be compared with the bimolecular loss rate 
from reactions with other atmospheric species.  These reactions have been extensively 
investigated in the theoretical literature,5-7 and direct experimental determinations of the 
bimolecular loss rate constants have been reported for the reaction of SO2 and NO2 with CH2OO 
and syn/anti-CH3CHOO and reaction of water with anti-CH3CHOO.13, 16, 37  Given an average 
atmospheric concentration (2 ppb SO2, 11 ppb NO2), the corresponding loss rates of Criegee 
intermediates in the troposphere can be estimated to be approximately 1-2 s-1, which is 
comparable to the solar photolysis rate (1 s-1).1, 8-9  The reactivity of the Criegee intermediates is 
predicted to be strongly influenced by the nature and location of the substituents.6-7  In a 
theoretical study on the reaction of Criegee intermediates with water, some large alkyl 
substitutions were found to reduce the reaction rates by several orders of magnitude.7  However, 
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the nature of the alkyl substituent (methyl, dimethyl, ethyl) does not appear to significantly 
change the characteristic UV absorption spectrum of the Criegee intermediates or solar photolysis 
rate.  This suggests that the relative rates for bimolecular reaction and solar photolysis may 
change upon alkyl substitution. 
Energized Criegee intermediates are known to produce OH radicals via unimolecular 
decomposition.4, 31-33, 39  In our experimental setup, OH radicals are produced concurrently with 
the Criegee intermediates in the capillary reactor tube prior to supersonic expansion, and detected 
in the same mass spectrum as the Criegee intermediates.  The absolute yield of OH radicals is not 
determined because the ionization efficiencies for OH and the Criegee intermediates are not 
known; nevertheless, the signal intensities for OH relative to the Criegee intermediates are 
measured and compiled in Table 1.  This data is compared with the reported OH yields from 
ozonolysis of symmetrical alkenes that exclusively produce the Criegee intermediates of 
interest.11, 15, 40  For the Criegee intermediates CH2OO, CH3CHOO and (CH3)2COO, the relative 
OH signal intensities are consistent with the trend of OH yields in the ozonolysis reactions.  
However, a greater amount of OH is observed with the ethyl-substituted Criegee intermediate 
CH3CH2CHOO than expected based on the OH yield reported for ozonolysis of E-3-hexene.11, 40 
Two unimolecular reaction mechanisms are predicted for OH formation from Criegee 
intermediates.  CH2OO and anti-conformers of CH3CHOO and CH3CH2CHOO are expected to 
produce OH though isomerization to dioxirane with a high activation barrier,40-42 resulting in a 
relatively low OH yield.  The production of OH from (CH3)2COO and the syn conformers is 
predicted to preferentially follow a vinyl hydroperoxide (VHP, with general structure 
R1R2C=C(R3)-OOH) channel, where the migration of an α-H on the alkyl group to the terminal O 
leads to formation of VHP, which subsequently dissociates to OH + vinoxy radicals by breaking  
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Figure 5. Reaction coordinates for decomposition of Criegee intermediates syn-CH3CHOO (red), 
(CH3)2COO (green), and syn-CH3CH2CHOO(blue) via 1,4-H shift to vinyl hydroperoxides (VHP) 
and OH radical products.  The geometric structures of the stationary points for the (CH3)2COO 
system are shown.  All energies are obtained at the ZPE-CCSD(T)/6-311+G(2d,p) level, and are 
shown relative to Criegee intermediates (set to zero).   
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the O-O bond.4, 41-42  The VHP channel is predicted to be more favorable because of its lower 
activation barrier.1, 4, 31  An increased OH yield is reported for ozonolysis of internal alkenes and 
highly branched alkenes via formation and unimolecular dissociation of alkyl-substituted Criegee 
intermediates, presumably through the VHP channel.1, 11, 15   
The VHP channel consists of two steps: VHP formation and homolysis as illustrated in Figure5.  
The barriers (TS) connecting the Criegee intermediates to the associated VHP have been 
investigated in previous computational studies, with barrier heights estimated to be 14.8-21.2 
kcal mol-1;5 the barriers are predicted to be similar (within ±1 kcal mol-1) for CH3CHOO and 
(CH3)2COO.32-33, 42-43  However, the barrier separating CH3CH2CHOO from its corresponding 
VHP has not been reported previously. 
In the present work, the barriers between the Criegee intermediates and associated VHP are 
computed for (CH3)2COO, syn-CH3CHOO and syn-CH3CH2CHOO using the same electronic 
structure method/basis [CCSD(T)/6-311+G(2d,p)//B3-LYP/6-311+G(2d,p)] to facilitate 
comparison, and the results are given in Table 2.  Syn-CH3CH2CHOO forms the trans-VHP 
species CH3CH=CHOOH.  The transition state (TS) geometry has a 5-membered ring structure, 
with an H atom bridged between the α-carbon atom and terminal O.  After including zero-point 
energy corrections at the transition state, the barriers for (CH3)2COO, CH3CHOO and 
CH3CH2CHOO are similar at 17 kcal mol-1.  The ZPE corrected barrier for CH3CHOO is 
consistent with a recently published value (17.91 kcal mol-1),44 yet lower than the predicted 
barrier for interconversion between syn and anti conformers (29-38 kcal mol-1 for CH3CHOO).4, 
34  Moreover, the transition state is significantly lower than the energy released upon ozonolysis 
of alkenes (50 kcal mol-1).31  Due to the similarity of the barriers at the transition state, similar  
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Table 2  Stationary points computed along the reaction coordinate from Criegee intermediates 
(set to zero) to vinyl hydroperoxide (VHP) and OH + vinoxy products using CCSD(T)/6-
311+G(2d,p) and including zero-point energy (ZPE) corrections.  Product asymptotes are 
corrected for basis set superposition error.  Comparisons with recent computational results are 
shown where available. 
Criegee 
intermediate 
Energy (kcal mol-1) 
TSa VHP Products 
CH3CHOO 17.9 
(17.9b, 16.7c) 
-18.0 
(-17.62b) 
1.9         19.9d 
(26.4e) 
(CH3)2COO 17.1 
(16)c 
-16.1 
(-13.9)f 
3.9         20.0d 
(26.3e) 
CH3CH2CHOO 17.4 
 
-19.2 -2.2       17.0d 
(22.7e) 
a TS is the barrier separating the Criegee intermediate from VHP.   
b Ref. 44 
c Ref. 33 
d Energy of products relative to VHP. 
e Ref. 45; energy of products relative to VHP and without ZPE corrections. 
f Ref. 42 
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rates of formation for VHP can be expected from the Criegee intermediates (CH3)2COO, 
CH3CHOO and CH3CH2CHOO in the first step.  
The second step involves O-O bond breakage of VHP leading to OH and vinoxy products.  The 
energetics of this dissociative process have been computed for each of the Criegee intermediates 
under investigation in this work and are shown both in Figure 1 and Table 2.  A recent 
computational study by Kurten et al.45 also investigated the reaction coordinate for the 
dissociation of several alkyl-substituted VHPs, deriving asymptotic dissociation energies and 
identifying a submerged barrier in the dissociation coordinate.  Their results with energies relative 
to VHP are included for comparison in Table 2.  Both the current study and the previous 
theoretical investigation show the product asymptotes are lower for CH3CH2CHOO than for 
(CH3)2COO and CH3CHOO.45  Most significantly, the CH3CH2CHOO VHP dissociation 
asymptote is exothermic relative to the stabilized Criegee intermediate.  For CH3CH2CHOO, the 
terminal methyl substitution on R1 or R2 in R1R2C=C(R3)-OOH was found to stabilize the vinoxy 
products and lower the net reaction energy.45  The lower product asymptote for the ethyl- vs. 
methyl-substituted systems may increase the OH yield relative to VHP stabilization.  This would 
be consistent with our observation of a larger OH signal from the ethyl-substituted Criegee 
intermediate CH3CH2CHOO than (CH3)2COO and CH3CHOO.  However, the reported OH yield 
from ozonolysis of E-3-hexene is not consistent with this trend,11, 40 suggesting the need for direct 
detection of the Criegee intermediates and OH products arising from alkene ozonolysis. 
V.  Conclusions 
Very strong UV absorption spectra arising from the B-X transitions, nominally * transitions 
localized on the carbonyl oxide group, of the alkyl-substituted Criegee intermediates (CH3)2COO 
and CH3CH2CHOO are observed with peaks at 320 nm and cross sections approaching 4 x 10-
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17 cm2 molec-1.  In both cases, the UV absorption is detected as a significant depletion of the 
m/z=74 ion signal obtained by subsequent VUV photoionization at 10.5 eV.  The large depletions 
– approaching 100% – are indicative of rapid dynamics in the excited B state, most likely due to 
direct dissociation as found for CH2OO.9, 25  The UV spectra are analogous to that obtained 
previously for syn-CH3CHOO,8 although shifted relative to CH2OO,9 indicating a similar 
intramolecular interaction between an α-H and the terminal O of the COO group in the alkyl-
substituted Criegee intermediates.  This interaction may facilitate a 1,4-hydrogen shift and lead to 
OH production upon unimolecular dissociation of the VHP intermediate.4, 8, 33  Solar 
photochemical loss rates for (CH3)2COO and CH3CH2CHOO are estimated, assuming unit 
photodissociation quantum yields, which suggest different daytime vs. nighttime behavior for 
these alkyl-substituted Criegee intermediates.  OH radical products are observed concurrently 
with the Criegee intermediates (CH3)2COO and CH3CH2CHOO.  The OH+ signals relative to 
those of the corresponding Criegee intermediates are compared with the reported OH yields in the 
reactions of alkenes with ozone.8, 11, 15, 40  The trends are consistent with OH products increasing 
according to CH2OO < CH3CHOO < (CH3)2COO.  However, the OH signal observed with 
CH3CH2CHOO is greater than expected based on the OH yield from ozonolysis of E-3-hexene.11, 
40  The stationary points along the reaction coordinates leading to VHP intermediates and OH 
products are computed at the same level of theory for the methyl-, dimethyl-, and ethyl-
substituted Criegee intermediates to facilitate comparison.  A more energetically favorable 
dissociation to OH products may help explain the greater OH yield from CH3CH2CHOO, 
although modeling of the competition between VHP stabilization and dissociation is still 
required.  Further experimental studies with direct detection of the Criegee intermediates and OH 
products arising from alkene ozonolysis are also needed. 
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CHAPTER 7  
Infrared Driven Unimolecular Reaction of CH3CHOO 
Criegee Intermediates to OH Radical Products 
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Hydroxyl (OH) radicals, often termed the atmosphere’s detergent, initiate the oxidative 
breakdown of most trace species in the lower atmosphere.1  Photolytic sources dominate the 
production of OH radicals in the daytime through solar photolysis of ozone, which generates 
O(1D) atoms that react with H2O to form OH radicals, and nitrous acid, the latter being significant 
under high NOx conditions.  The principal non-photolytic source of atmospheric OH radicals is 
alkene ozonolysis, which is an important OH radical initiator in low light conditions, urban 
environments, and heavily forested areas.2, 3  Recent field campaigns indicate that alkene 
ozonolysis accounts for ca. 30% of tropospheric OH radicals in the daytime and essentially all of 
the smaller, yet significant, OH radical concentration at night.4, 5 
Alkene ozonolysis occurs by cycloaddition of ozone across the C=C double bond and subsequent 
decomposition of the resultant primary ozonide, releasing ca. 50 kcal mol-1 of excess energy, to 
produce an energized carbonyl oxide species, known as the Criegee intermediate, and an 
aldehyde or ketone product.6  Further unimolecular decay of the Criegee intermediate leads to 
formation of OH radicals.7, 8  The OH yield from ozonolysis changes substantially with alkene 
structure, increasing from ca. 10% for ethene via the simplest Criegee intermediate CH2OO to 
more than 60% for ozonolysis of trans-2-butene,9, 10 which proceeds through the methyl-
substituted Criegee intermediate CH3CHOO, the focus of the present study.  (See Table A1 for 
chemical structures of relevant species.)  Concurrent detection of Criegee intermediates and OH 
products using photoionization mass spectrometry also shows a significant increase in OH yield 
for alkyl-substituted Criegee intermediates compared to CH2OO.11, 12   
The efficient production of OH radicals upon ozonolysis of alkenes has been proposed to follow a 
1,4 hydrogen atom shift mechanism for alkyl-substituted Criegee intermediates.  The computed 
reaction coordinate, depicted in Figure 1 for the more stable syn-conformer of CH3CHOO,  
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Figure 1.  Reaction coordinate for OH production from the Criegee intermediate.  Theoretically 
computed stationary points including harmonic zero-point energy corrections are shown for syn-
CH3CHOO passing over a transition state to vinylhydroperoxide (VHP, H2C=CHOOH) and OH + 
vinoxy products.  In the experiment, the IR pump laser prepares vibrational states in the CH 
overtone region (2CH) which lead to rearrangement and dissociation.  OH fragments are state-
selectively detected with the UV probe laser operating on the OH A-X (1,0) transition. 
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involves passage over a transition state with a five-membered, ring-like structure and migration of 
a hydrogen on the methyl group (an -hydrogen) to the terminal oxygen to generate vinyl 
hydroperoxide (VHP, H2C=CHOOH).  This leads directly to O-O bond breakage, yielding OH 
radical and vinoxy products.  A different mechanism is predicted for CH2OO (and anti-
conformers of Criegee intermediates) with a substantially higher barrier to reaction that leads to 
dioxirane13, 14 and, based on kinetic studies, a much smaller yield of OH products under 
laboratory and atmospheric conditions.9 
The present study focuses on infrared activation of cold Criegee intermediates to drive 
unimolecular decay to OH products.  Specifically, infrared excitation of syn-CH3CHOO in the 
CH stretch overtone (2CH) region near 6000 cm-1 is utilized to surmount the barrier associated 
with 1,4 hydrogen transfer from the methyl group to the terminal oxygen, yielding OH radical 
products under collision-free conditions.  This state-selective excitation of cold Criegee 
intermediates coupled with detection of the OH reaction products enables direct examination of 
the infrared spectrum of CH3CHOO, barrier height for hydrogen transfer, and ensuing 
unimolecular dynamics.  This critical hydrogen transfer step in alkene ozonolysis reactions, 
demonstrated here as a direct unimolecular pathway from a prototypical alkyl-substituted Criegee 
intermediate to OH products, is responsible for the non-photolytic generation of OH radicals in 
the troposphere. 
A highly selective IR action spectrum of jet-cooled CH3CHOO was obtained by scanning the IR 
laser in the CH overtone region while sensitively probing OH products by laser-induced 
fluorescence (LIF) on the OH A-X (1,0) Q1(3) transition.  The selectivity of the experiment is 
twofold:  First, the IR action spectrum reveals only those CH3CHOO vibrational states that 
couple to the hydrogen transfer reaction coordinate, thereby producing OH.  Second, the 
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vibrational states prepared must contain sufficient energy to surmount or tunnel through the 
barrier to OH products, revealing the effective barrier height.  Approximately 11 features are 
observed in the IR action spectrum from 5600 to 6100 cm-1 as shown in Figure 2.  The central 
wavenumbers and relative intensities of the observed features are listed in Table A2.  The 
numerous vibrational features observed indicate that the CH stretching vibrations in this region 
are coupled to the reaction coordinate either directly or indirectly through intramolecular 
vibrational energy redistribution (IVR) as discussed later.  The intensities of the IR features 
reflect a combination of the oscillator strength for the CH overtone or combination bands and the 
yield of OH products. 
The UV probe transition was selected to obtain the largest infrared-induced OH A-X (1,0) LIF 
signal for the most intense features in the IR action spectrum.  A representative OH product state 
distribution is shown in Figure A1.  The OH products appear within the 5 ns temporal pulse 
widths of the lasers. 
The features observed in the IR action spectrum are attributed to the more stable syn-conformer 
of CH3CHOO (depicted in Figure1), which was the predominant conformer observed in prior 
photoionization, UV absorption, and microwave spectroscopy studies.11, 15, 16  Syn-CH3CHOO 
with Cs symmetry has four high-frequency normal mode vibrations ascribed to CH stretching 
motions, two of which result from the motion of hydrogen atoms that lie in the COO plane (1, 
2) and two of which involve motions of the out-of-plane hydrogens, one symmetric and one 
asymmetric (3, 13), as listed in Table A3; the hydrogen atoms involved in these vibrational 
motions are color coded in Figure 2.  Thus, 10 infrared transitions for syn-CH3CHOO in the CH 
overtone region should arise from four CH stretch overtone bands (e.g. 21) and six CH stretch  
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Figure 2.  Experimental and theoretical vibrational spectra.  Upper panel: IR action spectrum 
(black) observed for syn-CH3CHOO in the CH stretch overtone region via LIF detection of OH 
products.  Lower panel: Anharmonic infrared frequencies and intensities calculated for CH 
stretches of syn-CH3CHOO using DFT//B3LYP/6-311+G(2d,p).  Only vibrational positions, not 
intensities, are directly comparable between experiment and theory.  The colors represent 
different vibrational modes involved in pure overtones (e.g. 2ν1) and combination bands (e.g. 
ν2+ν3, indicated as bars with two colors), ν1 (purple), ν2 (green), ν3 (light blue), and ν13 (dark blue), 
corresponding to the motions of color-coded hydrogen atoms on the molecular model.  
Asymmetric and symmetric stretching motions of the hydrogens highlighted in blue are indicated 
by dark and light blue lines.  The lowest experimentally observed feature, denoted with a dashed 
line, sets an upper limit for the effective barrier to reaction. 
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combination bands comprising one quantum in each of two CH stretches (e.g. 2+3).  The 
anharmonic infrared frequencies and intensities of these 10 transitions for syn-CH3CHOO were 
predicted using DFT and compared with experiment in Figure 2; additional comparisons with 
MP2 and CCSD(T) calculations are presented in Figure A2.  The calculated vibrational spectra, 
specifically the positions and span of the vibrational features, compare favorably with those 
observed experimentally, suggesting that overtones and combination bands involving all four CH 
stretching modes are observed.  As discussed below, both the frequencies and intensities of the 
CH overtone transitions are influenced by higher-order anharmonic couplings to modes that 
access the transition state to reaction directly. 
A few of the IR features exhibit distinctive rotational band contours, although most appear to 
involve transitions to strongly mixed or overlapping vibrational states.  Expanded views of the 
vibrational features at 5951 and 6081 cm-1 are shown in Figure 3, along with simulations of the 
band contours based on rotational constants for syn-CH3CHOO.16  The fits reveal an initial cold 
rotational temperature of 10 K and spectral line broadening arising from rapid (3 ps) IVR 
and/or reaction dynamics upon CH stretch overtone excitation.  The highest energy feature in the 
IR action spectrum at 6081 cm-1 appears to be an in-plane CH stretch (hybrid a,b-type with equal 
contributions), corresponding to a zeroth-order bright state with 21 character.  The feature at 
5951 cm1 (purely c-type) is attributed to an out-of-plane asymmetric CH stretch (13), likely in 
combination with an in-plane CH stretch (1 or 2).  The lowest energy feature observed at 5603 
cm-1 is also indicative of an out-of-plane asymmetric CH stretch (13); a simulation of the band 
contour is shown in Figure A3. 
Most significantly, the lowest energy feature at 5603 cm-1 sets an upper limit of 16.0 kcal mol-1 
for the effective barrier to unimolecular decay to OH products.  This experimental determination  
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Figure 3.  Expanded views of 5951 and 6081 cm-1 features in the IR action spectrum of jet-
cooled syn-CH3CHOO (Trot  10 K).  Simulations of rotational band contours for syn-CH3CHOO 
are superimposed with homogeneous linebroadening (1.7 cm-1 Lorentzian linewidth, red), 
indicative of rapid (3 ps) IVR and/or reaction dynamics upon CH stretch overtone excitation, 
and at the laser bandwidth (blue). 
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of the barrier height is nearly 2 kcal mol-1 lower than recent theoretical predictions for the 
transition state separating the syn-CH3CHOO Criegee intermediate from VHP and OH products 
of 17.9 kcal mol-1 (including zero-point corrections);12, 14 similar barrier heights are predicted for 
several alkyl-substituted Criegee intermediates with -hydrogens.12, 17  This lower estimate for 
surmounting and/or tunneling through the barrier reveals that unimolecular decay to OH products 
is more facile than predicted by current theoretical models. 
An intrinsic reaction coordinate (IRC) has been computed to obtain insight on the potential 
energy and structural changes required to move from the minimum energy configuration of syn-
CH3CHOO to the transition state leading to OH products.  The IRC is displayed in Figure 4 as a 
function of decreasing separation between the transferring -hydrogen and terminal oxygen 
(ROH).  Other important structural changes along the IRC are a heavy atom backbone motion to 
close the HCCOO ring, denoted by the distance between the methyl carbon and terminal oxygen 
(RCO), the -hydrogen to methyl carbon bond length (RCH), and a HCCO torsion (τ) associated 
with internal rotation of the methyl group that moves the -hydrogen toward the heavy atom 
plane.  The IRC also reveals that as the -hydrogen is brought closer to the terminal oxygen, first 
the CH3 group rotates and then the CH bond elongates. 
Further theoretical analysis (see supplementary material) identifies the vibrational excitations 
required to distort syn-CH3CHOO from the minimum energy configuration toward the transition 
state for the hydrogen transfer reaction (Table A3).  Four modes are most relevant:  the out-of-
plane CH stretch vibrations (3 and 13), the mode associated with closing of the HCCOO ring 
(12), and the HCCO torsion (18).  Of these, many quanta of mode 12 are required to reach the 
transition state, indicating that this mode plays an important role in the unimolecular 
decomposition mechanism.  Excitation of the in-plane CH stretches (1 and 2), however, does  
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Figure 4.  Intrinsic reaction coordinate (IRC) from the minimum energy configuration of the 
Criegee intermediate to the transition state (TS) leading to OH products.  The IRC is displayed as 
a function of the terminal oxygen to α-hydrogen distance (ROH).  Representative geometric 
structures along the path (red points) are shown with the methyl carbon to terminal oxygen 
distance (RCO), the -hydrogen to methyl carbon bond length (RCH), and HCCO torsional angle 
(τ, with =0 corresponding to the α-hydrogen lying in the heavy atom plane) indicated. 
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not lead directly toward the transition state.  Nevertheless, analysis of quartic coupling terms in 
the expansion of the potential (see Table A4) shows significant coupling among the four CH 
stretch vibrations (modes 1, 2, 3, and 13), consistent with the mixed nature of many of the 
observed bands.  These CH stretches are further coupled to states with excitation in the ring 
closing (12) or HCCO torsion (18) mode (see Tables S5-S7).  These higher-order couplings 
enable overtones and combination bands involving all four CH stretch vibrations to access the 
transition state region required for reaction. 
The theoretical analysis supports the experimental finding that energized Criegee intermediates, 
prepared here through vibrational activation of CH stretching vibrations, undergo direct 1,4 
hydrogen transfer to produce OH radicals.  Both in-plane and out-of-plane CH stretching 
vibrations of syn-CH3CHOO, identified as overtone and combination bands using infrared action 
spectroscopy with OH radical detection, are shown to be coupled to the reaction coordinate.  The 
effective barrier to reaction established by the lowest energy feature observed at 5603 cm-1 
indicates that unimolecular decay of methyl-substituted Criegee intermediates, and likely other 
alkyl-substituted carbonyl oxides with an -hydrogen, should be more facile in producing OH 
radicals than anticipated from current models of alkene ozonolysis in the troposphere. 
 
Acknowledgments  
Additional details of the experiments and calculations are presented in the supplementary 
materials.  This research was supported, in part, through the National Science Foundation under 
Grants CHE-1112016 (MIL), CHE-1362835 (MIL) and CHE-1213347 (ABM).  JMB 
acknowledges support through the Dreyfus Postdoctoral Program in Environmental Chemistry 
 
142 
 
(EP-12-025).  Acknowledgment is made to the Donors of the American Chemical Society 
Petroleum Research Fund for partial support of this research (ACS PRF 53320-ND6).  ASP 
acknowledges support from the (U.S.) Air Force Office of Scientific Research (USAFOSR) 
PECASE award under AFOSR Grant No. FA9950-13-1-0157. 
 
 
References and Notes 
1. B. J. Finlayson-Pitts, J. N. Pitts, Chemistry of the upper and lower atmosphere.  
(Academic Press, San Diego, 2000). 
2. D. Stone, L. K. Whalley, D. E. Heard, Chem. Soc. Rev. 41, 6348-6404 (2012). 
3. R. M. Harrison, J. Yin, R. M. Tilling, X. Cai, P. W. Seakins et al., Sci. Total Environ. 
360, 5-25 (2006). 
4. K. M. Emmerson, N. Carslaw, D. C. Carslaw, J. D. Lee, G. McFiggans et al., Atmos. 
Chem. Phys. 7, 167-181 (2007). 
5. K. M. Emmerson, N. Carslaw, Atmos. Environ. 43, 3220-3226 (2009). 
6. D. Johnson, G. Marston, Chem. Soc. Rev. 37, 699-716 (2008). 
7. N. M. Donahue, G. T. Drozd, S. A. Epstein, A. A. Presto, J. H. Kroll, Phys. Chem. Chem. 
Phys. 13, 10848-10857 (2011). 
8. A. Novelli, L. Vereecken, J. Lelieveld, H. Harder, Phys. Chem. Chem. Phys., Advance 
Article (2014) DOI: 10.1039/C4CP02719A. 
 
143 
 
9. J. D. Fenske, A. S. Hasson, S. E. Paulson, K. T. Kuwata, A. Ho et al., J. Phys. Chem. A 
104, 7821-7833 (2000). 
10. A. S. Hasson, M. Y. Chung, K. T. Kuwata, A. D. Converse, D. Krohn et al., J. Phys. 
Chem. A 107, 6176-6182 (2003). 
11. J. M. Beames, F. Liu, L. Lu, M. I. Lester, J. Chem. Phys. 138, 244307 (2013). 
12. F. Liu, J. M. Beames, A. M. Green, M. I. Lester, J. Phys. Chem. A 118, 2298-2306 
(2014). 
13. J. M. Anglada, J. M. Bofill, S. Olivella, A. Solé, J. Am. Chem. Soc. 118, 4636-4647 
(1996). 
14. K. T. Kuwata, M. R. Hermes, M. J. Carlson, C. K. Zogg, J. Phys. Chem. A 114, 9192-
9204 (2010). 
15. C. A. Taatjes, O. Welz, A. J. Eskola, J. D. Savee, A. M. Scheer et al., Science 340, 177-
180 (2013). 
16. M. Nakajima, Y. Endo, J. Chem. Phys. 140, 011101 (2014). 
17. L. Vereecken, J. S. Francisco, Chem. Soc. Rev. 41, 6259-6293 (2012). 
  
 
144 
 
CHAPTER 8  
Direct production of OH radicals upon CH overtone activation of 
(CH3)2COO Criegee intermediates 
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I.  Introduction 
Alkenes are important non-methane hydrocarbon species with total global emissions on the order 
of several hundred teragrams per year.1  A major oxidative loss pathway for atmospheric alkenes 
is reaction with ozone.  Alkene ozonolysis proceeds via cycloaddition of ozone across the alkene 
double bond to form a primary ozonide species.  The large exothermicity of this reaction leads to 
rapid decomposition of the primary ozononide to produce a carbonyl product and a carbonyl 
oxide species, the latter known as the Criegee intermediate.2  The Criegee intermediates formed 
from ozonolysis are highly internally excited and may undergo further unimolecular decay to OH 
radicals and other products of atmospheric significance including HO2, CO, CO2, CH3, and 
H2CO.3   
Ozonolysis of alkenes is a principal non-photolytic source of tropospheric OH radicals, and a 
dominant means of OH generation at nighttime and in winter.4, 5  As a result, alkene ozonolysis 
contributes significantly to the atmospheric HOx budget.4, 5  Tropospheric alkenes range from the 
simplest ethene to large terpenes.1, 6  Atmospheric field studies indicate that ozonolysis of large 
internal alkenes is an important source of OH radicals, even though these alkenes constitute only 
a small portion of alkene emissions.6  A representative alkyl-substituted Criegee intermediate 
arising from ozonolysis of these large internal alkenes is (CH3)2COO, which may arise from 
ozonolysis of any alkene with a (CH3)2C=C group.  One example is 2-methyl-2-pentene, which is 
reported to contribute ca. 15% to HOx formation in urban air in the same field study.6 
The OH product yields resulting from ozonolysis of a wide variety of alkenes have been 
determined by direct and indirect detection methods under laboratory conditions.7, 8  The OH 
yields were found to increase for alkyl substituted alkenes relative to ethene, and approach unity 
for highly branched alkenes; for example, the reported yield is 90% for ozonolysis of 2,3-
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dimethyl-2-butene, which proceeds though the dimethyl substituted Criegee intermediate 
(CH3)2COO,9 the focus of the present study.  This laboratory recently detected OH fragments 
produced concurrently with several Criegee intermediates, again finding that OH formation 
increases for alkyl-substituted Criegee intermediates relative to CH2OO.10 
The unimolecular decay mechanism for the dimethyl-substituted Criegee intermediate 
(CH3)2COO has been proposed to follow a 1,4 hydrogen transfer of an α-H atom on the methyl 
group to the adjacent terminal O atom.2, 3  The hydrogen transfer process is predicted to occur via 
a five-membered ring-like transition state leading to 1-methylethenylhydroperoxide (MHP, 
H2C=C(CH3)OOH), which undergoes prompt O-O bond cleavage and dissociation to 1-methyl-
ethenyloxy (H2C=C(CH3)O) and OH radical products.  The relative energies and optimized 
structures at stationary points along this reaction path for (CH3)2COO are illustrated in Figure 1.  
The barriers separating various alkyl-substituted Criegee intermediates from the associated 
vinylhydroperoxide (VHP) produced upon 1,4 H-shift have been investigated theoretically over 
the last two decades and tabulated in a recent review.11 
The more stable syn-conformer of the methyl-substituted Criegee intermediate CH3CHOO has 
been predicted to follow an analogous 1,4 hydrogen shift pathway to produce OH products.  This 
group recently demonstrated that CH stretch overtone excitation of syn-CH3CHOO drives this 
hydrogen transfer process from the cold Criegee intermediates to OH products.12  State-selective 
IR excitation was coupled with sensitive OH detection to reveal the infrared action spectrum of 
syn-CH3CHOO, barrier height for hydrogen transfer, and rapid unimolecular decay dynamics.  
The effective barrier height for the critical hydrogen transfer step was established at  16.0 kcal 
mol-1, which is lower than recent theoretical predictions of ca. 17.9 kcal mol-1 (including zero-  
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Figure 1.  Reaction coordinate computed for (CH3)2COO Criegee intermediate via 1,4-hydrogen 
shift to 1-methylethenylhydroperoxide (MHP, H2C=C(CH3)OOH) and rapid decomposition to 
OH + 1-methyl-ethenyloxy (H2C=C(CH3)O) products.  Energies for stationary points are obtained 
at CCSD(T)/6-311+G(2d,p) level with zero-point energy corrections.  Experimentally, the IR 
pump laser excites the Criegee intermediates in the CH stretch overtone region, which initiates 
passage over or tunneling through the barrier and leads to OH products.  The OH products are 
state-selectively probed with a UV laser using laser induced fluorescence on the OH A-X 
transition. 
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point corrections)10, 13 and suggests more facile unimolecular decay to OH radicals.  
Complementary theoretical analysis provided insights on structural changes and vibrational 
excitations required to distort CH3CHOO from its minimum energy configuration to the transition 
state for hydrogen transfer.  Additional theoretical analysis identified anharmonic couplings 
between the CH stretch vibrations and further couplings to other modes, specifically HCCOO 
ring closing and HCCO torsion, which are required to access the transition state region for 
reaction.12 
By contrast, the simplest Criegee intermediate CH2OO and less stable anti conformer of 
CH3CHOO are predicted to produce OH radicals via a different mechanism.2, 11  Recent 
theoretical calculations for CH2OO indicate a much higher barrier of ca. 20 kcal mol-1 in the 
initial step of isomerization to dioxirane,14, 15 which is generally thought to be followed by 
transformation to activated (or "hot") formic acid that fragments into OH products.2  The higher 
barrier predicted theoretically is consistent with the lower OH yield observed experimentally for 
ozonolysis of ethene compared to alkyl-substituted alkenes.11  A roaming pathway has also been 
suggested recently for CH2OO and anti-CH3CHOO.16 
The present study reports the IR activation of the dimethyl-substituted Criegee intermediate 
(CH3)2COO in the CH stretch overtone (2CH) region near 6000 cm-1, which drives unimolecular 
decay to OH products.  IR excitation of jet-cooled (CH3)2COO provides the energy required to 
surmount the barrier for hydrogen transfer from the methyl group to the adjacent terminal O 
atom, releasing OH products that are detected.  State-selective excitation of (CH3)2COO enables 
the IR action spectrum, effective barrier height, and dissociation dynamics leading to OH 
products to be examined directly.  Complementary electronic structure calculations reveal the IR 
absorption spectrum and intrinsic reaction coordinate for (CH3)2COO, along with the vibrational 
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modes and couplings that provide access to the transition state region.  The results for 
(CH3)2COO are compared with the recently reported investigation of the syn-conformer of 
CH3CHOO.12  Similarities between the two systems suggest that their unimolecular decay 
dynamics may be prototypical of other alkyl-substituted Criegee intermediates, which contribute 
significantly to the non-photolytic generation of OH radicals in the troposphere. 
II.  Methods 
The dimethyl-substituted Criegee intermediate (CH3)2COO is generated in a pulsed supersonic 
expansion following the procedures utilized previously.10  Briefly, the gem-diiodo precursor 
(CH3)2CI2 (synthesis procedure outlined below) is seeded in 20% O2/Ar carrier gas at 20 psi and 
pulsed from a solenoid valve fitted with a quartz capillary reactor tube into vacuum.  The 
precursor is photolyzed along the length of the capillary by cylindrically focused 248 nm 
radiation from a KrF excimer laser (Coherent COMPex 102), and the resulting monoiodide 
radicals subsequently react with O2 to produce the Criegee intermediates.  The reaction gas 
mixture is interrogated 1 cm downstream of the capillary exit in the collision-free region of the 
expansion, where it is intersected at right angles by counter-propagating IR and UV laser beams.  
The IR pump and UV probe lasers are separately focused and spatially overlapped in the 
interaction region.  As depicted in Figure 1, the IR beam excites the (CH3)2COO Criegee 
intermediates in the CH stretch overtone region (2CH), and the UV beam state-selectively probes 
the OH X2Π (v=0) products using laser induced fluorescence (LIF) after an IR-UV delay of 67 ns.  
A few experiments using the same IR pump – UV probe scheme explored the simplest Criegee 
intermediate, CH2OO, which is produced from 248 nm photolysis of CH2I2 as described in prior 
publications.17, 18   
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The tunable IR radiation (20 mJ/pulse) is produced from the signal output of an optical 
parametric oscillator/amplifier (OPO/OPA, LaserVision; 0.15 cm-1 bandwidth), which is pumped 
by an injection-seeded Nd:YAG laser (Continuum Precision II 8000, 10 Hz).  OH (v=0) radicals 
are probed using a focused UV laser (2 mJ/pulse) on selected A2Σ+ - X2Π (1,0) rovibronic 
transitions near 283 nm.  The UV radiation is generated by frequency-doubling the output of a 
dye laser (ND6000) pumped by an Nd:YAG laser (Continuum Surelite II, 20 Hz).  The resulting 
fluorescence is collected on the OH A2Σ+ - X2Π (1,1) band with a gated photomultiplier tube 
(Electron Tubes 9813QB) after passing through f/1 optics and a 313 nm bandpass filter.  In a few 
measurements, OH (v=1) is probed with the UV laser set on A-X (1,1) transitions near 313 nm 
with fluorescence collected on the OH A-X (1,0) band.  The output signal from the 
photomultiplier is preamplified and transferred to a digital storage oscilloscope (LeCroy 
WaveRunner 6050A) for further processing.  The IR pump laser is present for every other UV 
probe laser pulse, allowing active subtraction of background signals.  The background OH results 
from unimolecular decay of energized Criegee intermediates formed in the capillary, which are 
cooled in the supersonic expansion to the lowest rotational levels of OH X2Π v=0, 1. 
The gem-diiodo precursor (CH3)2CI2 is prepared though the reaction of acetone (Fisher Scientific, 
≥99.5%) and hydrazine monohydrate (Acros Organics, 100%) to make crude hydrozone, 
followed by oxidation of this hydrozone in the presence of iodine (Acros Organics).19  The 
product is purified and confirmed by 1H NMR and photoionization mass spectrometry at 10.5 
eV. 
Ground state minimum energy geometries of the (CH3)2COO Criegee intermediate, the transition 
state, and the dissociation products are all optimized at B3LYP/6-311+G(2d,p) level of theory, 
and corresponding energies at these configurations are obtained at the CCSD(T)/6-311+G(2d,p) 
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level.  These energies are zero point corrected with harmonic frequencies determined at 
B3LYP/6-311+G(2d,p) level.  Anharmonic frequencies and intensities of CH stretch overtone and 
combination bands for (CH3)2COO are determined using B3LYP/6-311+G(2d,p); analogous 
calculations are performed for H2C=C(CH3)OOH (MHP).  The intrinsic reaction coordinate (IRC) 
along the pathway from the ground state of Criegee intermediate to the transition state and 
beyond toward MHP is computed at the same level of theory.  The calculations are carried out 
with the Gaussian 09 suite of programs.20 
III.  Results 
A. Experimental Results 
The IR action spectrum of the cold (CH3)2COO Criegee intermediate shown in Figure 2 is 
obtained by scanning the IR pump laser in the CH stretch overtone region near 6000 cm-1, while 
sensitively probing OH radical products using laser-induced fluorescence (LIF) as illustrated in 
Figure 1.  Although the oscillator strength is derived principally from CH stretch overtone 
transitions, the IR action spectrum is subject to further constraints.  The vibrational excitation of 
(CH3)2COO must provide sufficient energy to surmount or tunnel through the barrier for 
unimolecular rearrangement and dissociation to OH products.  In addition, only those (CH3)2COO 
vibrational states that couple to the reaction coordinate, either directly or indirectly through 
intramolecular vibrational energy redistribution (IVR), and thereby generate OH products, will be 
revealed in the IR action spectrum. 
1. IR Action Spectrum for (CH3)2COO 
Approximately 16 features are observed in the IR action spectrum of (CH3)2COO in the 5585 to 
6000 cm-1 with the OH products probed on the OH A-X (1,0) Q1(3) transition.  The UV probe  
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Figure 2.  Upper panel: Experimental IR action spectrum of dimethyl substituted Criegee 
intermediate (CH3)2COO in the CH stretch overtone region recorded via detection of OH 
products.  Scans 100 cm-1 to higher and lower wavenumbers of range displayed revealed no 
additional features.  Grey bars show the peak positions and relative intensities from Gaussian fit 
of the peaks.  Lower panel: Computed anharmonic frequencies and intensities for CH stretch 
overtones and combinations bands of (CH3)2COO using B3LYP/6-311+G(2d,p).  The 
corresponding vibrational assignments, anharmonic frequencies, and intensities of CH stretch 
features are listed in Table 3. 
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transition is selected to obtain the largest IR-induced signal-to-background ratio, as discussed 
later in the context of a comprehensive OH product state distribution.  The resultant IR action 
spectrum is shown in Figure 2; no additional features are observed in scans at least 100 cm-1 to 
higher or lower wavenumber of this spectral range.  Most of the observed features lack distinctive 
rotational band contours.  As a result, the central wavenumber and intensity of the features in the 
IR action spectrum are extracted by fitting to 16 Gaussian functions with a small underlying 
baseline component.  The peak positions and relative intensities are indicated by bars in the upper 
panel of Figure 2 and listed in Table 1, along with their breadths (FWHM).   
Most importantly, the lowest energy feature observed in the (CH3)2COO IR action spectrum 
(Figure 2) at 5610.3 cm-1 sets an upper limit of 16.0 kcal mol-1 for the effective barrier to 
unimolecular decay to OH products.  Essentially the same upper limit for the effective barrier 
height was recently found for syn-CH3CHOO, again based on the lowest energy feature observed 
at 5603.0 cm-1 in the corresponding IR action spectrum.12  This suggests that other alkyl-
substituted Criegee intermediates with -hydrogens will have similar upper limits to their barrier 
heights.  These experimental findings will be compared with theoretical predictions of the barrier 
heights for 1,4 hydrogen transfer derived from electronic structure calculations in the discussion 
section. 
The (CH3)2COO feature centered at 5899.4 cm-1 exhibits a distinctive rotational band contour 
amenable to rotational analysis, as shown in the expanded view of this feature in Figure 3.  The 
overlaid simulation of the rotational band contour is derived from a nonlinear least-squares fitting 
procedure.21  For the simulation, the rotational constants are fixed at the values obtained at the 
B3LYP/6-311+G(2d,p) level of theory22 for the ground state of (CH3)2COO and are assumed to 
be unchanged upon IR excitation since the CH stretch primarily involves light H-atom motion; a  
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Figure 3.  Expanded view of the 5898.8 cm-1 feature in the experimental IR action spectrum of 
jet-cooled (CH3)2COO with simulated rotational band contour (red).  The band contour is well 
represented with a b-type transition at a rotational temperature of Trot  10 K and a Lorentzian 
linewidth of 2.1 cm-1.  The significant homogeneous linebroadening, corresponding to a lifetime 
of 2 ps, is indicative of rapid IVR and/or dissociation dynamics following IR excitation.  A 
simulation at the laser bandwidth (0.15 cm-1 Gaussian linewidth) is shown (blue) for comparison. 
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Table 1.  Experimentally observed positions, peak intensities, and breadths (FWHM) of features 
in the IR action spectrum of (CH3)2COO in the CH stretch overtone region.  The tabulated 
parameters are derived from Gaussian fits to the vibrational features. 
Position 
(cm-1) 
Peak 
Intensity 
FWHM 
(cm-1)a 
5971.0(0) 90.1(8) 11.3(1) 
5950.3(1) 27.4(9) 9.0(4) 
5911.2(3) 15.4(10) 7.7(7) 
5899.4(1)b 74.0(10) 7.7(1) 
5884.8(3) 19.8(11) 7.8(6) 
5873.4(2) 48.0(9) 11.2(4) 
5848.8(3) 14.7(9) 9.6(8) 
5815.4(7) 12.4(8) 19.3(20) 
5794.2(2) 46.8(9) 13.5(4) 
5773(1) 80.0(9) 16.5(3) 
5747.1(4) 43.7(9) 19.8(12) 
5730.5(1) 100.0(19) 11.8(3) 
5716.3(1) 58.2(9) 9.7(3) 
5668.6(2) 25.9(12) 8.7(5) 
5655.2(4) 22.4(7) 15.2(10) 
5610.3(3) 15.8(8) 12.5(8) 
a. Breadths of most features (FWHM  9 cm-1) are indicative of mixed or overlapping 
vibrational transitions. 
b. Rotational analysis of the band contour gives a band origin at 5898.8 cm-1.  
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Gaussian component of the linewidth is also fixed at the laser resolution of 0.15 cm-1.  The band 
origin, rotational temperature, and homogeneous line broadening are varied in least-squares 
fitting of the band contour, yielding 0 = 5898.8 cm-1, Trot  10 K, and Lorentzian linewidth of 
2.1 cm-1.  The latter corresponds to a 3 ps lifetime arising from rapid IVR and/or dissociation.  
The band contour has the appearance of a b-type transition, characteristic of a CH stretch with 
overall Aʹ symmetry, likely involving excitation of in-plane and/or symmetric methyl C-H 
stretches (1-4) or, alternatively, even quanta of asymmetric out-of-plane C-H stretches (18, 19), 
and this transition type was assumed in the fit.  (See Table 2 for normal mode assignments.) 
Simulations of band contours based on a-, b-, or c-type transitions using the same parameters 
(rotational constants, rotational temperature, and broadening coefficient) have a similar span of 
ca. 7-8 cm-1 (FWHM) for individual features.  For example, the feature at 5950.3 cm-1 can be 
simulated as a c-type transition, shown in Figure S1,23 indicative of a CH stretch with A 
symmetry, such as an asymmetric out-of-plane C-H stretch (18, 19) in combination with CH 
stretch of A symmetry.  Most of the other features in the IR action spectrum have much greater 
breadths (see Table 1), indicating that the observed transitions access strongly mixed or 
overlapping vibrational states, as discussed below. 
2. Additional Spectroscopic Searches 
An IR spectral search was also conducted in the OH stretch overtone region near 7000 cm-1 (20 
kcal mol-1) to look for 1-methylethenylhydroperoxide (MHP, H2C=C(CH3)OOH), an intermediate 
along the reaction path from (CH3)2COO to OH products (see Figure 1).  (The computed 
anharmonic frequencies and IR intensities for MHP are given in supplementary Figure S223.)  No 
observable feature was found in IR action scans from 6800 and 7080 cm-1.  This is not surprising  
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Table 2.  Harmonic frequencies computed for (CH3)2COO vibrations in Cs symmetry using 
DFT//B3LYP/6-311+G(2d,p) and the approximate number of quanta (ni) required in each mode 
to reach the transition state structure.a   
Mode Symmetry Frequency 
(cm-1) 
ni
 a Description 
1 Aʹ 3134.6 0 out-of-phase in-plane C-H stretch 
2 Aʹ 3132.5 0 in-phase in-plane C-H stretch 
3 Aʹ 3023.5 1 in-phase symmetric methyl C-H stretch 
4 Aʹ 3018.8 0 out-of-phase symmetric methyl C-H stretch 
5 Aʹ 1557.4 0 C-O stretch 
6 Aʹ 1476.7 0 syn-C-H symmetric bend 
7 Aʹ 1457.9 0 anti-C-H symmetric bend 
8 Aʹ 1410.0 0 anti-methyl umbrella 
9 Aʹ 1394.5 0 syn-methyl umbrella 
10 Aʹ 1305.1 1 asymmetric C-C stretch 
11 Aʹ 1070.6 0 in-phase methyl rock 
12 Aʹ 985.0 0 out-of-phase methyl rock 
13 Aʹ 929.3 0 O-O stretch 
14 Aʹ 811.0 0 Symmetric C-C stretch 
15 Aʹ 599.4 0 C-O-O bend 
16 Aʹ 365.1 0 C-C-C bend 
17 Aʹ 307.8 3 C-C-O-O ring closure 
18 Aʺ 3065.0 0 asymmetric out-of-plane anti-C-H stretch 
19 Aʺ 3059.7 1 asymmetric out-of-plane syn-C-H stretch 
20 Aʺ 1469.9 0 asymmetric anti-C-H bend 
21 Aʺ 1437.3 1 syn-asymmetric C-H bend 
22 Aʺ 1093.0 0 in-phase methyl wag 
23 Aʺ 934.8 1 out-of-phase methyl wag 
24 Aʺ 480.6 0 C-C-O-O twist 
25 Aʺ 275.2 2 C-C-O-O deformation 
26 Aʺ 177.1 0 syn-methyl torsion 
27 Aʺ 157.6 0 anti-methyl torsion 
a See results section (III. B. 2) of text for definition of ni. 
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given the predicted energy required for dissociation of stabilized MHP to OH + H2CC(CH3)O 
products (26.4 kcal mol-1 by Kurten et al.24 and 19.9 kcal mol-1 by Liu et al.10 which include zero-
point corrections).  As a result, MHP can be excluded as a spectral carrier contributing to the 
(CH3)2COO IR action spectrum (Figure 2).  A similar negative result was obtained for the ethynyl 
hydroperoxide intermediate (EHP, H2C=CHOOH) anticipated along the reaction path from syn-
CH3CHOO to OH products (see Supplementary Figure S2 in Ref. 12). 
A separate IR spectral search was also conducted in the CH stretch overtone region (2CH) near 
6000 cm-1 (17 kcal mol-1) for the simplest Criegee intermediate CH2OO.  IR action scans from 
5800 to 6300 cm-1 yielded no detectable OH X2Π3/2 (v=0, N=3) products.  Anharmonic frequency 
calculations using B3LYP/6-311+G(2d,p) predict three transitions for CH2OO in the CH stretch 
overtone region, specifically 6192 cm-1 (21), 6007 cm-1 (1+2), and 5912 cm-1 (22).  
(Fundamental IR transitions of lower frequency modes have been reported previously.25)  
However, the barrier leading to dioxirane and ultimately OH products is predicted to lie much 
higher in energy at ca. 20 kcal mol-1,11 which would prevent observation of CH2OO by IR action 
spectroscopy in the first CH stretch overtone region.  A loose roaming-type TS has very recently 
been predicted at lower energies.16 
3. OH Product State Distribution 
For the IR action spectrum of (CH3)2COO, the OH X2Π3/2 (v=0, N=3) products are detected by 
LIF on the OH A-X (1,0) Q1(3) transition.  The Q1(3) line was selected for the UV probe 
transition because it results in the largest IR-induced signal-to-background ratio.  This selection 
took into account several factors:  At low N, Q1 lines are generally stronger than the 
corresponding P1 lines under saturated LIF conditions; background OH generated in the capillary 
source also falls off with increasing N (e.g. decreasing 2-fold from N=2 to 3).  The optimal probe 
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transition was determined after obtaining a comprehensive OH product state distribution 
following IR excitation.  This was achieved by scanning the UV laser over various transitions in 
the OH A2Σ+-X2Π3/2 (1, 0) band system, while collecting the OH A2Σ+-X2Π3/2 (1, 1) fluorescence.  
The Π(Aʹ) Λ-doublet levels are probed by P-type (ΔJ = ΔN = -1) main branch transitions, while 
Π(Aʺ) levels are examined through Q-type main branch (ΔJ = ΔN =0) transitions.  (OH products 
are also observed in the excited spin-orbit manifold (2Π1/2), but not examined in detail.)  Each 
probe transition is scanned three times along with a reference line P1(2).  The integrated 
intensities and associated uncertainties from multiple measurements are extracted by fitting each 
OH line to a Gaussian lineshape, scaled relative to the reference line, and then converted to 
relative ground state populations under saturated LIF conditions.26  Similar experiments failed to 
detect any IR-induced OH X2Π products in v=1 with the UV probe laser set at OH A2Σ -X2Π 
(1,1) transition and fluorescence collected on OH A2Σ -X2Π (1,0) transition. 
Figure 4 shows the resultant rotational distribution of OH X2Π3/2 (v=0) products following IR 
excitation of the most intense (CH3)2COO feature at 5730.5 cm-1.  The smooth curve through the 
data based on a Fisher-Tippet function is included as a guide to the eye.  The product state 
distribution peaks at N=2, although N=3 yields a higher signal-to-background (S/B) ratio, and 
then falls off smoothly to higher rotational states (N  10) with no significant Λ-doublet 
propensity.  The OH (v=0) products have an average rotational energy of 320 cm-1 (0.9 kcal 
mol1).  A similar OH product distribution is observed upon IR excitation of the 5899.4 cm-1 
feature, again peaked at N=2 with the highest S/B ratio at N=3, and is assumed to be analogous 
for other IR features. 
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Figure 4.  Quantum state distributions of OH X2Π3/2 (v=0, N) products plotted as a function of 
rotational energy and quantum number N.  Upper panel: The OH product state distribution 
observed following IR excitation of (CH3)2COO at 5730.5 cm-1.  The Π(A') and Π(A'') Λ-doublet 
states are shown as filled and open symbols, respectively.  The OH population probed on the 
P1(2) reference line is set to 1.  The error bars represent 1σ uncertainties derived from repeated 
measurements.  Some OH product states are not detected due to congestion of the LIF spectrum.  
A similar distribution is observed upon IR excitation of (CH3)2COO at 5899.5 cm-1.  Lower panel: 
The OH product state distribution reported previously (reproduced from Figure S1 of Ref. 12 
with permission from AAAS) upon IR overtone excitation of syn-CH3CHOO is also shown for 
comparison.   
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B. Theoretical Results 
1. Electronic Structure Calculations 
The ground state minimum energy geometry, rotational constants, anharmonic vibrational 
frequencies and IR intensities are predicted for the (CH3)2COO Criegee intermediate at the 
DFT//B3LYP/6-311+G(2d,p) level of theory using Cs symmetry.  The (CH3)2COO Criegee 
intermediate has a single conformational form with an α-hydrogen atom adjacent to the terminal 
O-atom poised for hydrogen transfer.  This differs from the CH3CHOO Criegee intermediate with 
two conformational forms, syn and anti, of which only the syn-conformer has an α-hydrogen 
atom adjacent to the terminal O-atom. The (CH3)2COO Criegee intermediate has 27 vibrational 
normal modes and their calculated harmonic frequencies are listed in Table 2.  Six are high-
frequency CH stretching vibrational normal modes; four of these modes have Aʹ symmetry with 
respect to the heavy atom plane and undergo in-plane (1, 2) or symmetric methyl (3, 4) CH 
stretch and two have Aʺ symmetry involving asymmetric out-of-plane (18, 19) CH stretch.  In 
the CH stretch overtone region, one would therefore expect 6 CH stretch overtone bands 
containing 2 quanta of CH stretch in a single mode (e.g. 21), along with 15 combination bands 
with one quantum of excitation in each of two different CH stretch modes (e.g. 1+2).  The 
predicted anharmonic infrared frequencies and intensities of these zeroth-order CH stretch 
transitions are shown in Figure 2 and listed in Table 3 for comparison with the experimental IR 
action spectrum.  Only peak positions are directly comparable between experiment and theory.  
The computed intensities reflect the oscillator strength of the CH stretch overtone transitions, 
while the experimental intensities also depend on the yield of OH products detected by the UV 
probe laser.  Both the frequencies and intensities of the CH stretch overtone transitions will be 
influenced by higher-order anharmonic couplings, in particular to modes that access the transition  
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Figure 5.  Intrinsic reaction coordinate (IRC) showing the pathway from the minimum energy 
configuration of the (CH3)2COO Criegee intermediate to the transition state leading to 1-
methylethenylhydroperoxide (MHP, H2C=C(CH3)OOH).  The IRC is plotted as a function of the 
terminal oxygen to α-hydrogen of the adjacent methyl group distance (ROH).  Other coordinates 
that change significantly along the IRC are indicated, including the methyl carbon to terminal 
oxygen distance (RCO) and -HCCO torsional angle (τ, with =0 corresponding to the α-hydrogen 
lying in the heavy atom plane). 
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Table 3.  Calculated anharmonic vibrational frequencies and intensities for (CH3)2COO in the CH 
stretch overtone region.  The anharmonic frequencies and ground state geometries are obtained 
with B3LYP//6-311+(2d,p) calculations. 
Vibrational 
assignment 
Wavenumber 
(cm-1) 
IR intensity 
(km mol-1) 
21 5924.4 0.25 
22 5909.2 0.32 
3 5806.5 0.04 
218 5787.4 1.24 
4 5785.3 0.10 
219 5761.4 0.35 
1+2 5961.2 0.18 
18 5918.8 0.01 
2+18 5908.0 0.12 
2+19 5904.8 0.03 
1+19 5892.3 0.14 
2+3 5889.3 0.05 
1+4 5884.1 0.03 
2+4 5883.6 0.11 
1+3 5883.2 0.05 
18+19 5834.8 0.05 
3+18 5790.9 0.07 
4+19 5776.8 0.06 
3+4 5776.7 0.21 
4+18 5772.4 0.16 
3+19 5765.5 0.13 
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state to reaction, as discussed later.  In addition, IR transitions in this spectral region could 
involve three (or more) quanta changes, for example, combination bands composed of one 
quantum of CH stretch and two quanta of lower frequency modes (ca. 1400-1500 cm-1 modes in 
Table 2), and gain intensity through Fermi resonance.  Unfortunately, such an analysis is beyond 
the scope of the present study. 
An intrinsic reaction coordinate (IRC) pathway was computed using DFT//B3LYP/6-
311+G(2d,p) between the minimum energy configuration of (CH3)2COO and the transition state 
(TS) leading to 1-methylethenylhydroperoxide (MHP, H2C=C(CH3)OOH) as shown in Figure 5.  
The pathway was computed by first finding the transition state, and then using a steepest descent 
algorithm to step away from the transition state toward the Criegee intermediate or 
H2C=C(CH3)OOH.  All geometric parameters were allowed to vary with each step of 0.1 
(amu)1/2Bohr in mass-weighted Cartesian displacements.  The Hessian matrix was recomputed at 
each step, which permitted the direction of descent to change with each step.  Sufficient numbers 
of steps were taken to ensure that the minimum energy geometries of the Criegee intermediate 
and, separately, H2C=C(CH3)OOH, were reached at each end of the IRC path.  Figure 5 illustrates 
representative points along the IRC with potential energy plotted as a function of the distance 
between the terminal oxygen and an -hydrogen of the adjacent methyl (syn-methyl) group, ROH.  
Displaying the IRC along this single internal coordinate is an arbitrary choice, selected in part 
because it yields a smoothly varying pathway from the Criegee intermediate to the transition 
state.  The decrease in ROH along the IRC is one of the key geometric changes required to move 
from the minimum energy configuration to the transition state.  The IRC pathway toward 
H2C=C(CH3)OOH is displayed to a minimum ROH distance of 1.1 Å, beyond which the abscissa 
coordinate would need to change. 
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The important geometric changes along the IRC are most easily described by three distinct 
coordinates:  The first is internal rotation of the syn-methyl unit, bringing one of the α-hydrogens 
toward the heavy atom plane, and denoted by the α- .  The second is 
extension of the associated C-H bond length (RCH), moving the same α-hydrogen away from the 
carbon atom to which it was originally bonded and toward the terminal oxygen.  The third and 
most critical change is a heavy atom backbone motion to close the α-HCCOO ring, approaching 
the five-membered, ring-like TS structure, and thereby reducing the syn-methyl carbon to 
terminal oxygen distance (RCO).  Geometric structures for (CH3)2COO and values for these 
coordinates are shown at representative points along the IRC in Figure 5. 
2. Vibrational Analysis 
The corresponding vibrational excitations required to distort (CH3)2COO from its minimum 
energy configuration to the transition state structure are identified through a harmonic normal 
mode analysis developed previously for syn-CH3CHOO.12  The analysis for (CH3)2COO at its 
equilibrium structure is again performed using curvilinear normal modes, which provides a better 
zeroth-order description of the vibrations than Cartesian normal modes; they also provide a 
reasonable description of the vibrational motions at larger displacements from equilibrium.  The 
displacement along each of the curvilinear normal coordinates required to reach the transition 
state structure,   TSiQ , is then evaluated.  The minimum number of quanta (ni) of vibrational 
excitation in each mode (i) required to reach the transition state for hydrogen transfer is 
calculated using 
  
2
2
TS1 1
n n
2 2 2
i
i i i i iQ
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where i is the harmonic frequency.  The ni values obtained for (CH3)2COO are listed in Table 2 
with larger values indicating the greater significance of these modes in the unimolecular decay 
mechanism.  Particularly large excitations of the CCOO ring closing (17) and CCOO 
deformation (25) modes, both of which bring the terminal O toward the methyl H, are needed to 
access the transition state region.  Note that only two of the six CH stretch modes, 3 and 19 with 
ni=1, involving in-phase symmetric methyl C-H stretch and asymmetric out-of-plane CH stretch 
of the syn-methyl group, will lead directly toward the transition state.  In addition, higher-order 
anharmonic terms in the potential are expected to provide coupling among all six CH stretch 
modes, as examined below, and other modes (ni  0) that access the transition state region.  The 
classical harmonic analysis described above provides only a qualitative description of those 
modes required for reaction; it does not include anharmonicity, tunneling, or coupling between 
the modes. 
Perturbation theory has also been used to investigate the couplings between the different CH 
stretch modes of (CH3)2COO, namely 1-4, 18, and 19, again following the analysis presented 
previously for CH3CHOO.12  Significant coupling is found between the CH stretch modes, in 
some cases an order of magnitude larger coupling than found for syn-CH3CHOO,12 arising from 
higher-order quartic coupling terms in the potential.  These couplings enable overtones and 
combination bands involving all CH stretch modes, not just 3 and 19, to connect to the transition 
state region and produce OH.  Evaluation of couplings between the high-frequency CH stretches 
and other modes, e.g. the important low-frequency ring closing (17) and deformation (25) 
modes, is unfortunately beyond the scope of this work.  One anticipates strong couplings among 
the CH stretching modes as well as with other modes based on the observation of a large number 
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of CH stretch overtone and combination bands in the IR action spectrum and mixed nature 
evident in many features of the experimental spectrum. 
IV.  Discussion 
This section discusses the similarities and notable differences between the experimental and 
theoretical results presented here for the dimethyl-substituted Criegee intermediate (CH3)2COO 
and analogous results published recently for the methyl-substituted Criegee intermediate syn-
CH3CHOO.12  Specifically, the comparisons encompass the IR action spectra in the CH stretch 
overtone region, the effective barrier heights for surmounting or tunneling through the barrier to 
1,4 hydrogen transfer, the geometric changes along the intrinsic reaction coordinate and 
associated vibrational excitations required to access the transition state for -hydrogen transfer, 
and the anharmonic couplings of CH stretch modes that facilitate intramolecular energy transfer.  
In addition, the unimolecular dissociation dynamics of the two systems are compared through the 
energy release and quantum state distribution of the OH products.  Furthermore, the unimolecular 
decay dynamics of the methyl-substituted systems are contrasted with that of the simplest Criegee 
intermediate CH2OO. 
A. IR Action Spectra 
The experimental IR action spectra from 5500 to 6200 cm-1 for (CH3)2COO and syn-CH3CHOO 
Criegee intermediates are compared in Figure 6.  The IR action spectra show many similarities 
and also important differences.  The (CH3)2COO spectrum exhibits more than 16 features over its 
400 cm-1 span as compared to the 11 features in the CH3CHOO spectrum over its larger 500 cm-1 
span.  A larger number of observed features for (CH3)2COO is anticipated based on the greater 
number of zeroth-order CH stretch overtone and combination bands that provide the IR oscillator  
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Figure 6.  Extended scan of the IR action spectrum for (CH3)2COO (top) to 6200 cm-1 for 
comparison with that reported previously for syn-CH3CHOO (bottom).  The bottom trace is 
adapted from Figure 2 of Ref. 12 with permission from AAAS.  The features at 5950 cm-1 (red 
fill) appear to be remarkably similar in position and transition type in the two spectra; the lowest 
energy peaks (green fill) indicate essentially the same upper limit to the effective barrier height.  
Notable differences are the larger number of features for the dimethyl-Criegee intermediate (top) 
and absence of the distinctive features above 6000 cm-1 (blue fill) seen in the syn-CH3CHOO 
spectrum (bottom). 
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strength, while the tighter span reflects the narrower distribution of anharmonic frequencies 
predicted for (CH3)2COO vs. CH3CHOO in the CH overtone region.  In both systems, most of the 
observed features lack distinctive rotational band contours, indicative of transitions to strongly 
mixed or overlapping vibrational states.  Nevertheless, features are observed in both spectra at 
5950 cm-1 (Figure 6, red shaded features) with rotational band contours characteristic of c-type 
transitions involving a CH stretch with A symmetry.  These features appear to involve one 
quantum of asymmetric out-of-plane CH stretch motion, which have similar harmonic 
frequencies of 3050 cm-1 for (CH3)2COO (18, 19) and syn-CH3CHOO (13).  Rotational band 
contour analyses of these c-type transitions and at least one other feature in each spectrum 
demonstrate that the isolated Criegee intermediates are cold with rotational temperatures of 10 
K.  In addition, the rotational analyses indicate extensive homogeneous line broadening, pointing 
to similar rapid (3 ps) IVR and/or unimolecular decay dynamics for both vibrationally activated 
(CH3)2COO and CH3CHOO.   
A key difference between the two IR action spectra is the lack of features beyond 6000 cm-1 in 
the (CH3)2COO spectrum.  Neither the strongest, highest energy feature at 6080.7 cm-1 nor a 
weaker feature at 6009.5 cm-1 observed for syn-CH3CHOO are seen for the dimethyl-substituted 
Criegee intermediate.  This comparison provides new insights on the assignment of these syn-
CH3CHOO features (blue shaded features in Figure 6).  The prior rotational analysis of the 
6080.7 cm-1 feature had indicated a hybrid a/b-transition type involving an in-plane carbonyl 
oxide CH stretch (1).  The absence of this feature for (CH3)2COO corroborates this assignment, 
since the H-atom in the anti-position relative to the carbonyl oxide moiety has been substituted by 
a methyl group, eliminating this high frequency CH stretch motion.  The weak feature at 6009.5 
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cm-1 also appears to involve the in-plane carbonyl oxide CH stretch (1).  Likely assignments for 
these features are 21 and 1+2. 
B. Barrier Heights for -Hydrogen Transfer 
The lowest energy features (green shaded in Figure 6) observed in the IR action spectra of 
(CH3)2COO and syn-CH3CHOO at 5610.3 cm-1 and 5603.0 cm-1, respectively, set an upper limit 
for the effective energy threshold of surmounting and/or tunneling through the barrier leading to 
unimolecular decay to OH products.  The (CH3)2COO feature lacks a distinctive band contour, 
precluding a detailed comparison of its vibrational character with that for syn-CH3CHOO (c-type 
out-of-plane CH stretch).  Importantly, however, essentially the same upper limit of 16.0 kcal 
mol-1 is obtained as the effective barrier for both the dimethyl- and methyl-substituted Criegee 
intermediates.  These experimental determined upper limits can be compared to theoretically 
predicted TS energies of 17.1 and 17.9 kcal mol-1 for (CH3)2COO and syn-CH3CHOO, 
respectively, using energies obtained at the CCSD(T)/6-311+G(2d,p) level with zero point 
correction.10  Earlier B3LYP calculations with zero-point correction by Kroll et al.27 predict lower 
barriers of 16.0 and 16.7 kcal mol-1 for these same systems.  The stationary point energies along 
the 1,4-H shift pathway leading to OH generation, including the Criegee intermediates, transition 
state (TS), vinyl hydroperoxide (VHP), specifically H2C=C(CH3)OOH (MHP) or CH2=CHOOH 
(EHP), and product asymptotes for (CH3)2COO and syn-CH3CHOO are shown in Figure 7 for 
comparison.  A number of theoretical investigations predict that the barriers separating the 
Criegee intermediates and corresponding VHP are close in energy for several alkyl-substituted 
Criegee intermediates.10, 11  As a result, the (CH3)2COO and syn-CH3CHOO systems are likely 
prototypes for other alkyl-substituted carbonyl oxides, which are also expected to undergo 
unimolecular decay to OH products. 
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Figure 7.  Reaction coordinates showing the transition states (TS) for the 1,4 hydrogen shift 
pathway from Criegee intermediates (CH3)2COO (black) and syn-CH3CHOO (blue) to the 
associated vinyl hydroperoxide species, H2C=C(CH3)OOH (MHP) and CH2=CHOOH (EHP), and 
subsequent decomposition into OH products.  The simplest Criegee intermediate CH2OO (purple) 
is predicted to follow a different isomerization pathway via a significantly higher TS to dioxirane; 
kinetic studies indicate a subsequent decay process to OH products (not shown). 
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C. Alternate Mechanism for CH2OO 
The simplest Criegee intermediate CH2OO and anti-conformers of alkyl-substituted Criegee 
intermediates are predicted to follow a different unimolecular decay mechanism to OH products.  
For CH2OO, the first step is isomerization to dioxirane with a significantly higher barrier of 20 
kcal mol-1,11, 14, 15 followed by rearrangement to ‘hot’ formic acid and subsequent fragmentation to 
OH products.  The stationary points along the isomerization pathway to dioxirane are illustrated 
in Figure 7 for comparison.  Very recently, others have suggested another decay pathway by 
intramolecular insertion via a roaming transition state.16  A preliminary search for the IR action 
spectrum of CH2OO in the CH stretch overtone region (5800 to 6300 cm-1) yielded no detectable 
OH X2Π3/2 (v=0, N=3) products.  The lack of an IR action signal is consistent with a different 
mechanism (dioxirane and/or roaming) for OH production from CH2OO with a higher activation 
barrier than afforded by CH overtone excitation (16-18 kcal mol-1).  The higher barrier for the 
alternate unimolecular pathway is consistent with a lower yield of OH observed from the 
ozonolysis of ethene compared with alkyl-substituted alkenes.  Internal alkenes, which react with 
ozone to produce alkyl-substituted Criegee intermediates exclusively, have a higher yield of OH 
and contribute significantly to the non-photolytic generation of OH radicals in the troposphere. 
D. Reaction Coordinate and Vibrational Couplings 
The intrinsic reaction coordinate (IRC) from the minimum energy configuration of the Criegee 
intermediate to the transition state and from the transition state toward products has been 
computed for both (CH3)2COO (Figure 5) and syn-CH3CHOO (Figure 4 of Ref. 12).  At the TS, 
the imaginary vibrations arising from the transferring hydrogen atom chattering between the 
methyl C and terminal O for the dimethyl- and methyl-substituted systems have similar high 
frequencies of 1598 and 1618 cm-1, respectively.  In addition, the geometric changes predicted 
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along the IRC are similar for both Criegee intermediates.  These include: internal rotation () of 
the syn-methyl group adjacent to the terminal oxygen, bringing an α-hydrogen toward the CCOO 
plane; an increase the syn-methyl carbon to α-hydrogen bond length (RCH); and an α-HCCOO 
ring closure motion that involves CCOO backbone contraction, thereby reducing the distance 
between the syn-methyl carbon and terminal oxygen (RCO).  The similarity of the geometric 
changes required for α-hydrogen transfer to the terminal oxygen in the methyl- and dimethyl-
substituted Criegee intermediates suggests that analogous changes along the IRC are likely to be 
important for other alkyl substituted Criegee intermediates.  
The corresponding degree of vibrational excitation (minimum number of quanta) that needs to be 
placed in each mode in order to reach the transition state structure has also been evaluated for 
both (CH3)2COO (Table 2) and syn-CH3CHOO (Table S3 of Ref. 12).  This analysis indicates the 
significance of each mode in facilitating unimolecular decay.  Many similarities are apparent for 
the two Criegee intermediates, most notably the important role of the -HCCOO ring closing 
mode, namely 17 for (CH3)2COO and 12 for CH3CHOO, in the unimolecular decay process.  In 
addition, a perturbation theory approach was utilized in both systems to evaluate of coupling 
terms between the CH stretching modes: significant couplings are found between all of the CH 
stretch modes for both Criegee intermediates, specifically 1-4 and 18-19 for (CH3)2COO and 
1-3 and 13 for CH3CHOO (Table S4 of Ref. 12).  Evaluation of cubic and quartic coupling 
terms for syn-CH3CHOO also suggests strong couplings between the CH stretches and the ring 
closure mode (12).  Although a full set of vibrational mode coupling terms is not obtained for 
(CH3)2COO, similar couplings between CH stretch modes and the ring closure mode ν17 are 
expected.  Such anharmonic couplings enable the zeroth-order CH stretch states prepared by IR 
excitation to access the transition state to reaction and produce OH radicals. 
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E. Unimolecular Dissociation Dynamics 
The OH X2Π3/2 (v=0, N) product state distribution resulting from unimolecular dissociation of 
(CH3)2COO upon IR excitation at 5730.5 cm-1 is shown in Figure 4.  (A similar distribution was 
found upon IR excitation at 5899.5 cm-1.)  The average OH X2Π3/2 rotational energy is 0.9 kcal 
mol-1 and the highest observed OH rotational state is N=8 with an internal energy of 1323 cm-1.  
For comparison, the OH product state distribution observed for syn-CH3CHOO following IR 
excitation at 5987.5 cm-1 is reproduced in Figure 4.12  (Again, similar distributions were obtained 
upon IR excitation at 6081 and 5603 cm-1.)  The OH products from syn-CH3CHOO exhibit a 
broader distribution with a larger average OH X2Π3/2 rotational energy of 1.6 kcal mol-1.  In this 
case, the highest observed OH rotational state is N=11 with an internal energy of 2416 cm-1.  The 
greater rotational excitation of the OH products from CH3CHOO relative to (CH3)2COO, after 
accounting for the different IR excitation energies, suggests that more energy is available to the 
products.  Here, the internal excitation of the Criegee intermediate prior to IR excitation is 
assumed to be negligible (Trot  10 K) and does not contribute to the available energy. 
The energies of the OH + CH2C(CH3)O or CH2CHO product asymptotes relative to the 
corresponding dimethyl- or methyl-substituted Criegee intermediates have also been computed 
using CCSD(T)/6-311+G(2d,p) with zero-point corrections.10  These calculations indicate a 
slightly endothermic overall process, which proceeds over a barrier to vinyl hydroperoxide and 
OH products, with product asymptotes lying 3.9 and 1.9 kcal mol-1 higher in energy than the 
corresponding (CH3)2COO and CH3CHOO Criegee intermediates as shown in Figure 7.12  Based 
on these calculations, the average rotational energy of the OH products accounts for only 7 or 
10% of the available energy, respectively.  Other recent calculations have considered the product 
asymptotic energies relative to VHP.24  There have not yet been experimental measurements of 
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the stability of the Criegee intermediates or VHP relative to the OH product asymptotes.  
Nevertheless, the theoretical values indicate that greater energy will be available to products 
following IR excitation at the specified wavenumbers for syn-CH3CHOO than (CH3)2COO by ca. 
1000 cm-1 (15.2 vs. 12.5 kcal mol-1).  This is consistent with the greater OH rotational excitation 
observed for CH3CHOO.  One would also anticipate greater internal excitation of the 
CH2C(CH3)O cofragment from (CH3)2COO based on its larger number of vibrational degrees of 
freedom than CH2CHO and correspondingly less OH rotational excitation. 
The unimolecular decay of the IR activated the Criegee intermediates proceeds over a barrier 
associated with 1,4-hydrogen shift, through an energized vinyl hydroperoxide, and onward to 
dissociation into OH + CH2C(CH3)O or CH2CHO products.  If the system samples the vinyl 
hydroperoxide region long enough to evolve into a microcanonical ensemble of states, the energy 
released to products will be randomized and statistically distributed among the vibrational, 
rotational, and translational degrees of freedom of the products.  On the other hand, the O-O bond 
cleavage of the vinyl hydroperoxide may be rapid compared to energy randomization.  In this 
case, the products will be released with a higher degree of translational energy, as might be 
expected from unimolecular dissociation over a simple barrier.28  Further experiments are needed, 
particularly measurement of the translational energy release, to ascertain more detailed 
information on the unimolecular decay dynamics leading to OH products from methyl- and 
dimethyl-subsituted Criegee intermediates.  
V.  Conclusions 
The IR action spectrum of cold (CH3)2COO was obtained in the CH stretch overtone region near 
6000 cm-1 with detection of OH products following unimolecular decay of the vibrationally 
activated Criegee intermediates.  At least 16 vibrational features are observed with most 
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appearing to be transitions to mixed vibrational states.  A few features exhibit distinguishable 
rotational band contours enabling preliminary assignments, yet display extensive homogeneous 
broadening attributed to rapid IVR and/or unimolecular decay.  The lowest energy feature at 
5610.3 cm-1 provides an upper limit for the effective barrier associated with 1,4 hydrogen shift to 
energized H2C=C(CH3)OOH and O-O bond cleavage to OH products.  Remarkable similarity is 
found between the IR action spectra, effective barrier heights, and OH (v=0) product state 
distributions obtained for (CH3)2COO and the corresponding recent results reported for syn-
CH3CHOO.12  These similarities indicate that other alkyl-substituted Criegee intermediates (with 
-hydrogens adjacent to the terminal oxygen) will likely have analogous properties, most 
importantly, similar effective barrier heights for release of OH products.  Interestingly, 
comparison of the IR action spectra for the dimethyl- and methyl-substituted Criegee 
intermediates also indicates that the highest frequency features of syn-CH3CHOO involve the H-
atom in the anti-position relative to the carbonyl oxide moiety, which is replaced by a methyl 
group in (CH3)2COO. 
The IR oscillator strength for (CH3)2COO is principally derived from overtone transitions to 
states with zeroth-order CH stretch character as predicted from anharmonic frequency 
calculations.  The theoretically predicted TS energy (including zero point correction) differs 
among recent calculations,10, 27 but are generally higher than the effective barrier height observed 
experimentally.  The intrinsic reaction coordinate reveals the geometric distortions of (CH3)2COO 
required to reach the five-membered, ring-like transition state for 1,4 hydrogen transfer, 
specifically, internal rotation of the syn-methyl group, extension of the CH bond involving the -
hydrogen, and a heavy atom backbone motion to close the -HCCOO ring.  A related vibrational 
analysis identified the minimum number of quanta required in specific modes of (CH3)2COO to 
 
177 
 
reach the transition state, most notably the CCOO ring closure mode (17).  Finally, perturbation 
theory is used to show that the various CH stretch modes are coupled together by higher-order 
quartic coupling terms in the potential.  Again, similar theoretical results are found for both the 
dimethyl- and methyl-substituted Criegee intermediates.   
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CHAPTER 9 
Direct Observation of Vinyl Hydroperoxides 
 
 
 
The experimental research presented in this chapter has been performed at the University of 
Pennsylvania. Theoretical calculations were performed in collaboration with Manoj Kumar and 
Ward H. Thompson in the Department of Chemistry, University of Kansas, who predicted the 
acid-catalyzed reaction in their previous calculations. The research has been submitted to 
Physical Chemistry Chemical Physics.  
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Field studies have shown that ozonolysis plays an important role in the tropospheric oxidation of 
biogenic and anthropogenic alkenes, and is a significant source of OH radicals under nighttime, 
winter, and forested conditions.1, 2  Related laboratory studies have demonstrated that alkyl-
substituted internal alkenes react rapidly with ozone and have a high yield of OH radical 
products.2-4  Ozonolysis of these alkenes proceeds through formation and unimolecular decay of 
alkyl-substituted carbonyl oxides, termed Criegee intermediates,5 e.g. CH3CHOO.  The primary 
unimolecular decomposition pathway involves 1,4-hydrogen transfer of an -H to the terminal O-
atom to form vinyl hydroperoxide (VHP), e.g., CH2=CHOOH, which subsequently breaks apart 
to release OH and vinoxy radicals as shown in Figure 1. 
In 2012, Taatjes and coworkers introduced an alternate synthesis of Criegee intermediates 
involving photolysis of 1,1-diiodo alkanes and reaction with O2,6, 7 spurring many kinetic and 
spectroscopic studies of stabilized Criegee intermediates, including alkyl-substituted Criegee 
intermediates.8-12  Recently, Lester and coworkers utilized state-selective IR excitation of cold 
CH3CHOO and (CH3)2COO Criegee intermediates to initiate unimolecular decomposition and 
generate ˙OH products under collision-free conditions.13, 14  These studies reveal IR action spectra 
for the alkyl-substituted Criegee intermediates, determine effective barrier heights of  16 kcal 
mol-1, and follow the unimolecular decay dynamics to ˙OH products.   
Vinyl hydroperoxide, a family of molecules with a C=C-OOH moiety, is predicted to be another 
important intermediate along the reaction pathway to ˙OH products.  Pressure- and time-
dependent studies of ˙OH production from alkene ozonolysis15, 16 indicate the formation of a 
second stabilized species – other than Criegee intermediates – before decomposition to ˙OH 
products.  They provide strong evidence that VHP is a second bottleneck along the ozonolysis 
reaction coordinate.  Extensive calculations have been reported on the structures, thermochemical  
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Figure 1.  Energies and optimized structures for stationary points along the 1,4-hydrogen transfer 
pathway from the syn-CH3CHOO Criegee intermediate over a substantial barrier to vinyl 
hydroperoxide (VHP) and ˙OH + vinoxy products (black).  The nearly barrierless formic acid-
catalyzed pathway from syn-CH3CHOO to VHP (blue) and addition reaction to HPEF (red) are 
also shown.  Transition states (TS) and intermediate double-hydrogen bonded complexes (Int) are 
indicated.  Energies are at the CCSD(T)/aug-cc-pVTZ//M06-2X/aug-cc-pVTZ level of theory 
with zero-point energy corrections. 
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properties, and bond dissociation energies of many VHPs.7, 17-20  To date, however, there has been 
no direct experimental observation of the VHP intermediate.  
Recent electronic structure calculations by Thompson and coworkers predict that organic acids 
will catalyze the isomerization of alkyl-substituted Criegee intermediates to VHP species.21  In 
this reaction, a doubly hydrogen-bonded interaction between the Criegee intermediate and 
organic acid facilitates a nearly barrierless hydrogen transfer through a double hydrogen shift 
reaction as shown in Figure 1.  Kinetic studies also indicate that the reaction of CH2OO and 
CH3CHOO with formic or acetic acid, e.g., CH3CHOO + acid  products, are very fast.22  For 
the reaction of CH2OO with HCOOH, hydroperoxy methyl formate (HPMF, HC(O)OCH2OOH) 
has been suggested as the primary product based on prior experimental and theoretical studies.23-
26 
Herein, the carboxylic acid-catalyzed tautomerization reaction leading to vinyl hydroperoxide is 
demonstrated for a number of Criegee intermediates with an α-H, including syn-CH3CHOO, 
(CH3)2COO, and syn-CH3CH2CHOO.  The syn-conformers of CH3CHOO and CH3CH2CHOO are 
predicted to be the most stable form due to an attractive intramolecular interaction between the α-
H and terminal O atoms;27, 28 syn-CH3CHOO is also the predominant conformer observed in prior 
experiments.7, 8, 10-12  The simplest Criegee intermediate CH2OO is not expected to undergo the 
tautomerization reaction, because it lacks the requisite α-H atom. 
Figure 2 shows relevant portions of the mass spectra arising from the reactions of CH2OO, 
CH3CHOO, (CH3)2COO, and CH3CH2CHOO with normal and deuterated variants of formic and 
acetic acids.  Fixed frequency VUV radiation at 10.5 eV is utilized for photoionization, which is 
above the ionization thresholds measured6, 7, 28 and/or computed vertical ionization energies (VIE, 
Table S1) for the Criegee intermediates as well as those computed for VHPs, specifically 
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Figure 2. VUV photoionization and resultant time-of-flight mass spectra following reaction of 
CH2OO (m/z 46), CH3CHOO (m/z 60), (CH3)2COO (m/z 74) and CH3CH2CHOO (m/z 74) 
Criegee intermediates with formic and acetic acids.  Isotopic variants of the acids, HCOOH 
(black), DCOOD (blue), CH3COOH (black), CD3COOD (blue), and CH3COOD (green), are 
utilized.  The reactions of the alkyl-substituted Criegee intermediates with normal acids yield 
isomeric VHP products in the same mass channel as the original Criegee intermediates.  The 
reactions with deuterated acid yield partially deuterated VDP products in the adjacent mass 
channel.  The acid-catalyzed tautomerization reaction does not occur for CH2OO. 
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 CH2=CHOOH (VIE=9.5 eV),7 CH2=C(CH3)OOH (VIE=9.25 eV), and CH3CH=CHOOH 
(VIE=9.05 eV).  The experimental and theoretical methods are detailed in Electronic 
Supplementary Information.   
Since VHP is an isomer of the Criegee intermediate, acid-catalyzed tautomerization is expected to 
generate VHPs with the same mass as the corresponding Criegee intermediates.  As a result, VHP 
will not be distinguishable from the Criegee intermediate in the mass spectrum.  Indeed, only one 
mass is observed for each Criegee intermediate upon addition of HCOOH or CH3COOH as 
shown in Figure 2. 
Deuterium isotope labeling of formic or acetic acid is utilized in this work in order to distinguish 
the Criegee intermediate reactants from isomeric vinyl hydroperoxide products by mass.  Scheme 
1 illustrates the reaction pathway anticipated for the DCOOD-catalyzed tautomerization of syn-
CH3CHOO.  The reaction proceeds by formation of a double hydrogen-bonded complex, 
followed by concerted movement of H and D atoms, in which the methyl H of CH3CHOO shifts 
to the carbonyl O of DCOOD while simultaneously the carboxylic D of DCOOD transfers to the 
terminal O of CH3CHOO.  The net effect is the transformation of syn-CH3CHOO (m/z 60) into 
CH2=CHOOD (m/z 61), which are separated by 1 mass unit.  Such species with a deuterated 
hydroperoxide unit are hereafter denoted as VDP.  
As clearly evident in Figure 2, m/z 61 and 75 masses appear upon reaction of DCOOD with 
CH3CHOO and (CH3)2COO or CH3CH2CHOO, along with the adjacent mass of the reactant 
Criegee intermediate (m/z 60 or 74).  The new mass channels are attributed to the VDP products 
CH2=CHOOD (m/z 61), CH2=C(CH3)OOD (m/z 75) and CH3CH=CHOOD (m/z 75) from the 
DCOOD-catalyzed tautomerization reactions of the Criegee intermediates.  Analogous results are 
observed in reactions of these Criegee intermediates with deuterated acetic acid CD3COOD.   
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Scheme 1.  Reaction of syn-CH3CHOO with DCOOD. 
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Moreover, CH2=C(CH3)OOD (m/z 75) is also identified in the reaction of (CH3)2COO with 
partially deuterated acetic acid CH3COOD, with only one D atom in the COOD group, thus 
confirming the D atom transferring to the Criegee intermediate is from the carboxylic group.  The 
much smaller acid-dependent signals at m/z 62 and 76 have not been identified.  As expected, no 
m/z 47 products are observed for CH2OO (m/z 46) upon reaction with the deuterated acids. 
The CH3CHOO, (CH3)2COO and CH3CH2CHOO Criegee intermediates have very strong UV 
absorptions  arising from a * transition localized on the COO subunit.8, 28  Unfocused UV 
excitation at 300 nm has been shown to induce a substantial depletion (50%) of the VUV 
photoionization signals for CH3CHOO, (CH3)2COO and CH3CH2CHOO.  The large UV-induced 
depletions are indicative of rapid dynamics in the excited electronic state.  While large UV-
induced depletions are clearly seen for the Criegee intermediates, the same UV excitation does 
not result in depletion of the next higher mass channels attributed to VDPs (Figure A1).  EOM-
CCSD/aug-cc-pVTZ//M06-2X/aug-cc-pVTZ excited-state calculations also indicate that the 
lowest vertical electronic transitions of these VDPs, CH2=CHOOH, CH2=C(CH3)OOH, and 
(CH3)CH=CHOOH, occur at much higher energy (Table S2), specifically 204.2, 205.6, and 214.3 
nm, respectively.  Thus, the lack of UV-induced depletions on the mass+1 channels supports their 
assignment as VDPs and demonstrates that they are not simply partially deuterated Criegee 
intermediates. 
No significant H/D exchange channel is observed from the reaction of DCOOD or CD3COOD 
with the simplest Criegee intermediate CH2OO, which lacks the α-H required for tautomerization.  
Theoretical calculations of the reaction pathways between CH2OO and HCOOH indicate multiple 
product channels including a barrierless addition to form HPMF.23, 24  Experimental FTIR 
investigations of ozonolysis found evidence of HPMF in the CH2OO + HCOOH reaction.25, 26  
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Multiplexed photoionization mass spectrometry (MPIMS) studies of this same reaction by Welz 
et al. were unable to identify HPMF in the parent mass channel (m/z 92), but reported m/z 31 and 
64 fragments that were attributed to dissociative ionization.22  Recently, several decomposition 
products (m/z 59, 64, 91) and a much weaker HPMF (m/z 92) parent mass have been detected in 
the low-temperature oxidation of dimethyl ether using tunable VUV ionization.29  The current 
study shows no HPMF signal at the parent mass, although fragments (m/z 64) are observed.  
Similarly, no products of addition reactions, such as hydroperoxy ethyl formate (HPEF, 
CH3CH(OOH)OC(O)H), are detected on the parent mass channels from reaction of CH3CHOO or 
larger Criegee intermediates with the carboxylic acids. 
To gain insight into the reactions of a Criegee intermediate with a carboxylic acid, we used 
electronic structure calculations to examine the reaction between syn-CH3CHOO and HCOOH in 
detail.  In addition to the barrierless tautomerization that leads to the vinyl hydroperoxide, 
CH2=CHOOH,21 four other reactions have been identified.  Three of these proceed via a 
secondary ozonide intermediate followed by transition states that are 2.5-11.0 kcal mol-1 higher in 
energy than the separated reactants to form an aldehyde, carboxylic acid, or HPEF (Figures S2 
and S3).  The fourth, shown in Figure 1 along with the tautomerization pathway to VHP, also 
forms HPEF but through addition of HCOOH across the COO functionality of syn-CH3CHOO, a 
reaction that is barrierless directly from the reactants (Figure 1); this is consistent with prior 
studies that found formation of HPMF from the reaction of H2COO and formic acid without any 
intervening transition state.23, 24  The calculations thus suggest that HPEF and VHP should be the 
major products of the reaction between syn-CH3CHOO and HCOOH.  Additional calculations 
indicate that the picture is the same for larger Criegee intermediates and carboxylic acids (Tables 
S3 and S4). 
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Despite being kinetically and thermodynamically more stable than VHP, HPEF is not observed in 
the VUV photoionization TOF-MS for the reaction of syn-CH3CHOO with formic acid.  
Electronic structure calculations of HPEF predict that the VIE is 10.87 eV (Table S1), well above 
the 10.5 eV photon energy used for ionization in the experiments.  However, the calculated 
adiabatic ionization energy (AIE) of 9.39 eV for HPEF is significantly different from its VIE.  
Comparison of the optimized geometries for the neutral and cationic HPEF (Figure A4) indicate 
that the hydroperoxyl proton in the cationic HPEF undergoes an intramolecular transfer to the 
oxygen of the nearby carbonyl, which accounts for the different VIE and AIE.  Similar VIEs are 
predicted for the addition products of other Criegee intermediates and carboxylic acids (Table 
S1).   
In a few experiments, we have been able to estimate the yield of VDP from the acid-catalyzed 
reaction.  For (CH3)2COO with CD3COOD, we observe a concomitant decrease in the Criegee 
intermediate signal with increase in the VDP product signal (Figure A5).  As much as 50% of the 
Criegee intermediates appear to be converted to VDP, assuming equal ionization cross sections at 
10.5 eV, with the balance forming other products.  Future experiments under more controlled 
flow cell conditions are required to measure the yield of VDP quantitatively. 
It is interesting that VHP can be formed in appreciable yield from reaction with acid despite the 
lower energy pathway to form HPEF.  This may be partially explained by the fact that both 
reactions are barrierless relative to the separated reactants, so ample energy is available to form 
either species.  An additional factor may be the significant excess energy with which HPEF is 
formed that will be slowly dissipated in a low pressure environment.  The nascent, highly 
energetic HPEF molecules may not be stabilized without significant energy dissipation provided 
by higher gas pressures. 
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Vinyl hydroperoxides are produced from energized alkyl-substituted Criegee intermediates by 
surmounting the effective barrier for 1,4-hydrogen transfer with migration of an α-H from the 
alkyl group to the terminal O atom.  The VHP products will generally be formed with significant 
excess energy and undergo O-O bond fission to ˙OH products.  The barrier height for 
isomerization of alkyl-substituted Criegee intermediates to VHP has been predicted to be 16-21 
kcal mol-1,30, 31 for which an experimental upper limit of 16 kcal mol-1 was recently determined 
for syn-CH3CHOO and (CH3)2COO.14  VHPs are predicted to be 18-20 kcal mol-1 more stable 
than the corresponding Criegee intermediates, while the ˙OH + vinoxy radical product asymptotes 
are nearly isoenergetic (or slightly endothermic) with respect to the Criegee intermediates.18, 27, 28, 
32  Since the VHP products are generally formed with sufficient excess energy to yield ˙OH 
products, efficient collisional relaxation is required to stabilize VHP, as indicated by the pressure-
dependence of ˙OH yield from ozonolysis reactions.16  By contrast, carboxylic acid catalysis 
dramatically lowers the barrier height for conversion of the Criegee intermediates to VHP.  
Moreover, the presence of organic acid provides additional internal degrees of freedom that can 
accept and carry away excess energy, and potentially inhibit formation of ˙OH.  As a result, VHP 
can be efficiently produced and stabilized through the acid-catalyzed reaction. 
Previously, Welz et al. measured the rate coefficients for the reactions of the CH2OO and syn- 
and anti-conformers of CH3CHOO with formic and acetic acids employing MPIMS.22  The rates 
were determined from the first-order exponential decay of the photoionization signal associated 
with the Criegee intermediate as a function of acid concentration.  Extremely large rate 
coefficients in excess of 10-10 cm3 molec-1 s-1 were measured, indicating that rapid reactions of 
Criegee intermediates with carboxylic acids make a substantial contribution to global atmospheric 
chemistry.  For syn-CH3CHOO, but not CH2OO, the present study demonstrates that 
CH2=CHOOH will be one of the products, but not distinguishable from the Criegee intermediate 
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by mass.  As a result, VHP (AIE=9.2 eV) may contribute to the kinetic loss measurements 
reported for syn-CH3CHOO (IE=9.4 eV).33  Kinetic studies utilizing deuterated acid (or 
deuterated Criegee intermediates) will be required to separate the contributions of the two 
isomers in the rate measurements. 
The present study demonstrates that stabilized vinyl hydroperoxide species are generated via the 
carboxylic acid-catalyzed tautomerization reaction of alkyl-substituted Criegee intermediates.  
Using deuterated formic or acetic acid, three prototypical vinyl hydroperoxides, CH2=CHOOD, 
CH2=C(CH3)OOD, and CH3CH=CHOOD, are detected directly by photoionization mass 
spectrometry for the first time.  The generation and identification of stabilized vinyl 
hydroperoxides will enable further investigation of the ˙OH production mechanism from alkene 
ozonolysis in tropospheric chemistry. 
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APPENDIX I  
1+1 resonant multiphoton ionization of OH radicals via the A2Σ+ state: 
Insights from direct comparison with A-X laser-induced fluorescence 
detection Supporting information 
 
 
 
This research has been published in Molecular Physics 112, 7, 897-903 (2014).  Supporting 
information was performed with post-doctorate Joseph M. Beames, Marsha I. Lester in the 
Department of Chemistry, University of Pennsylvania.  This appendix was published as online 
supplementary material in Molecular Physics, and is a supplement to Chapter 3 of this thesis. 
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Table A1. Preliminary enhancement factors for 1+1 REMPI relative to LIF for clearly resolved 
satellite lines in the OH A-X (1,0) region.  Also shown are the energies for each OH A2+ (v=1, J, 
F2) vibronic (or intermediate) level1 prepared by a satellite branch transition and the total energy 
following absorption of a VUV photon.  The uncertainty estimates are 1σ standard deviations 
from repeated measurements. 
 
  
OH A2+ 
(v=1, J, F2) 
Enhancement
Factor (QP21) 
Enhancement
Factor (RQ21) 
Enhancement
Factor (SR21) 
OH A state 
energy/cm-1 
Total 
UV+VUV 
energy/ eV 
0.5 0.15 ± 0.01 - - 35461.15 14.8795 
1.5 1.00 2.85 ± 0.31 - 35525.50 14.8875 
2.5 2.35 ± 0.34 1.73 ±0.29 5.85 ± 0.24 35621.96 14.8995 
3.5 0.30 ± 0.18  0.83 ± 0.16 0.85 ± 0.13 35750.37 14.9154 
4.5 - 3.53 ± 0.81 3.21 ±0.34 35910.55 14.9352 
5.5 - 1.32 ± 0.64 0.83 ± 0.20 36102.25 14.9590 
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Figure A1. Preliminary enhancement factors (REMPI/LIF) for satellite lines in the OH A-X (1,0) 
region.  The values are shown with their associated uncertainty and are plotted versus OH A state 
energy, corresponding to increasing OH A (v=1, J, F2) rotational level with ticks indicating J, and 
total energy on the lower and upper axes, respectively.  The overall profile of the enhancement 
factors for main branch features (Figure 5 of Chapter 3) is shown by the grey-dashed line.   
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For some OH A2Σ+ (v=1, J, F2) levels, in particular J=1.5 and 2.5, the enhancement factors 
obtained using different satellite lines are consistently repeatable, yet they differ from one another 
beyond the experimental uncertainty (see Table A1).  While the origin of this discrepancy is 
unknown at present, it does not appear to originate from the deconvolution process.  We thus 
consider the enhancement factors obtained for the weaker satellite lines as preliminary results that 
require further investigation with tunable VUV radiation. 
The enhancement factors for satellite lines in the OH A-X (1,0) region shown in Figure A1 
appear to peak at J=2.5, F2 using the 
SR21(1.5) line with a total energy of 14.90 eV.  Surprisingly, 
the enhancement factor for the next higher spin-rotation level in the A-state, J=3.5, F2, is much 
smaller ( 1) at approximately the same total energy as the maximum for the main branch lines.  
The enhancement factor increases again at J=4.5, F2 with a total energy of 14.94 eV.  We suspect 
that the dip in the enhancement factor reflects a lack of resonance in the valence A2Σ+ (v=1, 
J=3.5, F2) to Rydberg (A3, 3d, v=0) transition with fixed VUV radiation.  Again, further study 
with tunable VUV radiation should provide additional insight. 
References 
1. J. Luque, and D. R. Crosley, SRI International Report MP 99-009,  (1999). 
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APPENDIX II  
Infrared Driven Unimolecular Reaction of CH3CHOO Criegee 
Intermediates to OH Radical Products Supplementary Material 
 
 
 
This research has been published in Science 345, 1596 (2014).  Supporting information was 
performed in conjunction with post-doctorate Joseph M. Beames, and Marsha I. Lester in the 
Department of Chemistry, University of Pennsylvania.  Part of theoretical calculations were 
carried out by post-doctorate Andrew S. Petit in the Department of Chemistry, University of 
Pennsylvania and Anne B. McCoy in the Department of Chemistry, The Ohio State University. 
This appendix was published as online supplementary material in Science, and is a supplement to 
Chapter 7 of this thesis. 
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Figure A1.  Rotational energy and corresponding state distribution of OH X2Π3/2 (v=0, N) 
products following IR overtone excitation of syn-CH3CHOO at 5987.5 cm-1.  The average 
rotational energy is only 1.6 kcal mol-1 with energy available to products of ca. 15.2 kcal mol-1; 
OH products are not detected in v=1.  The Π(A') and Π(A'') Λ-doublet states are indicated by 
filled and open symbols with ±1σ error bars derived from three repeated measurements; spectral 
overlap precludes detection of some OH product states.  The smooth curve through the data is 
included as a guide to the eye.  Similar OH product state distributions peaked at N=3 are 
observed upon IR excitation of 6081 and 5603 cm-1 features. 
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Figure A2.  Computed anharmonic infrared frequencies and intensities for the syn-conformer of 
CH3CHOO using DFT (a, blue) and MP2 (b, red) with the same 6-311+G(2d,p) basis set and 
CCSD(T) (c, purple) with a smaller (6-31G*) basis set.  The vibrational energy level patterns are 
in reasonably good agreement for the different methods, although the calculated spectra are 
shifted relative to one another.  Also shown are analogous infrared spectra computed using DFT 
for the anti-conformer of CH3CHOO (d, green) and vinyl hydroperoxide (VHP, H2C=CHOOH) 
(e, gray), the latter with a characteristic OH stretch overtone near 6950 cm-1 that is not observed 
experimentally in scans 100 cm-1 about this position.  Note that anti-CH3CHOO is predicted to 
have a substantially higher barrier for unimolecular decay via isomerization to dioxirane.  
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Materials and Methods 
I. Experimental Methods  
The CH3CHOO Criegee intermediate is generated in a pulsed supersonic jet following the 
synthetic route utilized previously. 11, 18, 19  The 1,1-diiodoethane (CH3CHI2) precursor is prepared 
by the reaction of CH3CHCl2 (TCI America, >95%) and CH3CH2I in the presence of aluminum 
chloride (Acros, 98.5%), following a procedure developed by Letsinger et al.; 20 the product is 
purified and confirmed by 1H NMR.  The precursor is entrained in 20% O2/Ar (20 psi) carrier gas 
and pulsed through a quartz capillary reactor tube (1mm ID; 26 mm length), where it is 
photolyzed with the cylindrically focused, 248 nm output of a KrF excimer laser (Coherent 
Compex 102, 60 mJ, 20 Hz).  The CH3CHI photoproducts react with O2 to form CH3CHOO, 
which is cooled in a supersonic expansion along with other products and unreacted gases.  The 
expanding gas mixture flows 1 cm downstream, at which point it is crossed by 
counterpropagating and spatially overlapped IR and UV laser beams for pump-probe 
experiments.   
Tunable IR radiation is utilized for excitation of CH3CHOO in the CH stretch overtone region; an 
UV laser probes the OH X 2Π3/2 (v=0, N) products using laser-induced fluorescence (LIF).  The 
tunable IR radiation (20 mJ/pulse, 5 ns) is produced from the signal output of an optical 
parametric oscillator/amplifier (OPO/OPA, LaserVision; 0.15 cm-1 bandwidth) pumped by an 
injection-seeded Nd:YAG laser (Continuum Precision II 8000, 10 Hz).  The UV radiation (2 
mJ/pulse, 5 ns) is generated from the frequency-doubled output of a Nd:YAG pumped dye laser 
(Continuum Surelite II and ND6000, 20 Hz).  The IR and UV beams are separately focused and 
spatially overlapped in the interaction region; their frequencies are calibrated with a wavemeter 
(Coherent Wavemaster).   
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Following IR excitation, the UV pulse probes the OH products on selected A2Σ+ - X2Π (1,0) 
rovibronic lines near 283 nm.  The IR-UV delay is typically set at 67 ns, after scanning the 
delay.  The resulting fluorescence emitted on the OH A2Σ+ - X2Π (1,1) band is collected using f/1 
optics and passed through a 313 nm bandpass filter before impinging on a gated photomultiplier 
tube (Electron Tubes 9813QB).  The output signal is preamplified and transferred to a digital 
storage oscilloscope (LeCroy WaveRunner 6050A) interfaced with a computer for processing.  
Data is recorded using active baseline subtraction of UV laser only signals obtained on alternate 
laser shots. 
The IR features with distinctive rotational band contours at 5951 and 6081 cm-1 are simulated 
using a nonlinear least squares fitting procedure.21  The rotational constants for the ground state 
of syn-CH3CHOO are fixed at the values recently reported by Nakajima and Endo.16  The 
rotational constants are assumed to be unchanged upon IR excitation since the CH stretching 
modes primarily involve light H-atom motion.  The distinctly different shapes for the two band 
contours arise from their transition types (a,b- or c-type for CH stretches that lie within or 
perpendicular to the COO plane) and are adjusted in the fitting procedure.  The best fits shown in 
Figure 3 indicate an out-of-plane asymmetric vibration (purely c-type) with origin at 5951 cm-1 
and an in-plane vibration (hybrid a,b-type with nearly equal contributions) at 6081 cm-1.  Both 
bands are well represented with a rotational temperature Trot  10 K, a homogeneous broadening 
of 1.7 cm-1 (FWHM) with Lorentzian lineshape (red), and a Gaussian linewidth (blue) due to the 
laser bandwidth (0.15 cm-1).  These values are obtained whether fitting the two bands 
independently or simultaneously.  The position and transition type of the lowest observed feature 
at 5603 cm-1 is indicative of an out-of-plane CH stretch; a simulation of the band contour is 
shown in Figure A3. 
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Figure A3. Expanded view of 5603 cm-1 feature in IR action spectrum of syn-CH3CHOO with 
overlay of a rotational band simulation for a c-type out-of-plane CH stretch with homogeneous 
linebroadening (red) and comparison at laser bandwidth (blue).  Simulation parameters are 
unchanged from Fig. 3 (left panel).   
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Table A1. Names and molecular structures relevant to ozonolysis of ethene and trans-2-butene. 
Chemical name Molecular structure 
primary ozonide from 
ozonolysis of trans-2-butene 
 
trans-2-butene 
(E-2-butene) 
 
syn-methyl-substituted Criegee intermediate 
(syn-acetaldehyde oxide) 
 
anti-methyl-substituted Criegee intermediate 
(anti-acetaldehyde oxide) 
 
Criegee intermediate 
(formaldehyde oxide) 
 
vinyl hydroperoxide, VHP 
(ethenyl hydroperoxide) 
 
vinoxy radical 
(ethenyloxy radical) 
 
dioxirane 
 
methyl dioxirane 
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Table A2.  Central positions, peak intensities, and breadths (FWHM) for experimentally 
observed vibrational features in the CH stretch overtone region.  Parameters are obtained by 
fitting each feature to a Gaussian function.a  Band origins are derived from simulations of 
distinctive rotational band contours observed for select features.a 
Position 
(cm-1) 
Band origin 
(cm-1) 
Peak 
intensity 
FWHM 
(cm-1) 
6082.2 (0) 6080.73 (6) 100.0(9) 9.2 (1) 
6009.5 (4)  11.1(10) 8.1 (8) 
5983.5 (1)  76.3(6) 19.6 (2)b 
5950.9 (2) 5950.05 (2) 29.8(8) 11.4 (4) 
5914.7 (12)  4.1(7) 14.2 (3) 
5889.4 (6)  6.5(10) 8.1 (14) 
5842.0 (6)  7.3(9) 10.3 (15) 
5818.1 (6)  10.9(6) 19.2 (14)b 
5747.6 (4)  14.3(6) 20.0 (11)b 
5709.0 (2)  30.7(6) 23.0 (5)b 
5603.0 (5) 5603 (1) 9.3(8) 12.0 (12) 
a Uncertainties given in parenthesis are (1) values from fits. 
b Breadths of these features suggest they may involve transitions to strongly mixed or overlapping 
vibrational states. 
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II. Electronic Structure Methods 
Electronic structure calculations are also carried out to characterize the reaction coordinate 
leading from CH3CHOO to OH products shown in Figure 1.  The geometries at the stationary 
points are optimized using DFT//B3LYP/6-311+G(2d,p) and the energies at these points are then 
evaluated at the CCSD(T) level with the same basis set.  The relative energies are then refined by 
taking into account zero-point contributions using the DFT harmonic frequencies.  Following 
geometry optimization, the harmonic and anharmonic vibrational frequencies and intensities are 
computed for syn-CH3CHOO at the DFT//B3LYP/6-311+G(2d,p) level; the harmonic frequencies 
are given in Table A3.  A harmonic count of the density of states provides an estimate of 250 
states per cm-1 at 6000 cm-1.  In addition, the frequencies and intensities of vibrational overtone 
transitions were computed using MP2 with the same 6-311+G(2d,p) basis set and CCSD(T) for 
comparison (see Figure A2), although the CCSD(T) frequencies were computed with a smaller 
basis set (6-31G*).  The calculations were repeated for the anti-conformer of CH3CHOO and 
CH2CHOOH (VHP) with results presented in Figure A2.  An intrinsic reaction coordinate (IRC) 
linking the transition state to the Criegee intermediate ground state was also computed using 
DFT//B3LYP/6-311+G(2d,p).  Calculations are carried out with the Gaussian 09 and CFOUR 
suites of programs.22, 23  The dissociation of VHP via a saddle point that lies below the product 
asymptote has been computed previously.24  For comparison, the IR spectrum of CH2OO, its 
higher barrier for isomerization to dioxirane, and trajectory calculations to H2O + CO products 
have been considered in recent theoretical studies.25, 26 
It is worth noting that the accurate calculation of ground state properties of Criegee intermediates 
is complicated by the fact that the ground state electronic structures of these molecules have 
mixed biradical/zwitterionic character.  Recent multireference studies of the parent Criegee 
intermediate, CH2OO, suggest that the electronic ground state wave function is predominately  
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Table A3. Harmonic frequencies computed for syn-CH3CHOO in Cs symmetry using 
DFT//B3LYP/6-311+G(2d,p), the results of a harmonic analysis of the barrier to the transition 
state, and qualitative mode descriptions. 
Mode Symmetry Frequency 
(cm-1) 
ni a Description of motion 
 A 3177.80 0 Carbonyl oxide CH stretch 
 A 3137.79 0 Methyl in-plane CH stretch 
 A 3014.48 1 Methyl out-of-plane symmetric CH stretch 
 A 1558.35 0 CO stretch 
 A 1460.61 1 Methyl symmetric scissor 
 A 1400.14 0 Methyl umbrella 
 A 1350.48 0 Carbonyl oxide CH in-plane wag 
 A 1109.65 1 CCO bend 
 A 981.50 0 CC stretch 
 A 908.36 0 OO stretch 
 A 676.78 0 COO bend 
 A 295.68 5 HCCOO ring closure 
 A 3049.33 1 Methyl out-of-plane asymmetric CH stretch 
 A 1436.59 1 Methyl asymmetric scissor 
 A 1042.33 0 CCO out-of-plane bend 
 A 752.10 1 Carbonyl oxide out-of-plane CH wag 
 A 458.02 0 CCOO out-of-plane ring distortion 
 A 179.07 1 HCCO torsion 
a Approximate number of quanta that need to be placed in mode i of syn-CH3CHOO in order to 
reach the transition state structure based on Equation S1.  See text for details. 
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zwitterionic with only weak biradical character.25, 27-29  Moreover, Nguyen et al. argue that the 
CCSD(T) and DFT//B3LYP methods provide comparable descriptions of the ground state 
geometry of CH2OO that are in good agreement with the results of more sophisticated 
multireference calculations.27  Therefore, the DFT//B3LYP/6-311+G(2d,p) calculations 
performed in this study and subsequent analysis are capable of providing a semi-quantitative 
picture of the unimolecular dissociation pathway of CH3CHOO. 
III. Vibrational Analysis Methods 
In order to obtain a more detailed picture of the unimolecular decomposition pathway, we 
calculated the displacements along the normal modes required to move from the minimum to the 
transition state structure.  This involved first performing a normal mode analysis at the syn-
CH3CHOO equilibrium structure in a set of mass-weighted internal coordinates using Wilson’s 
FG analysis.30  Curvilinear normal coordinates were used as they provide a better zeroth-order 
description of the molecular vibrations than Cartesian normal coordinates; bond stretches, bond 
angles, and torsions provide a more natural and physically motivated picture of vibrational 
motions than rectilinear displacements.  As a result, curvilinear normal coordinates remain 
uncoupled over larger deviations from the equilibrium structure than Cartesian normal 
coordinates.31  The curvilinear normal modes,  iQ , can be expressed as a linear combination of 
internal coordinates,  kR , so that 
 
Q
i
 L
ik
1R
k
k
 , where the matrix L is obtained from the FG 
analysis.  Using this relation, the displacement along each of the curvilinear normal coordinates 
required to reach the transition state structure,   TSiQ , can be determined.  The approximate 
number of quanta, ni, that must be placed in mode i in order for the transition state structure to 
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fall within the classically allowed region of the harmonic potential is then determined according 
to  
  
2
2
TS1 1
n n
2 2 2
i
i i i i iQ

 
   
      
         
 (S1) 
where i is the harmonic frequency.   
However, the transitions observed experimentally are between eigenstates of the full molecular 
Hamiltonian and not harmonic oscillator states.32  While it is possible for a given  molecular 
eigenstate to be dominated by a single harmonic oscillator basis state, in general, anharmonicity 
in the potential causes the molecular eigenstates to have significant contributions from a large 
number of harmonic oscillator basis states.  In what follows, we will take a perturbation theory 
approach to considering the anharmonic coupling between the harmonic oscillator basis states.  
Specifically, suppose that a molecular eigenstate is dominated by a single harmonic oscillator 
basis state, n .  Anharmonicity in the potential will couple this zeroth-order wave function to 
other harmonic oscillator basis states,  m , and first order perturbation theory can be used to 
develop an approximation for the molecular eigenstate, n , 
ˆ
n
m n n m
m H n
n m
E E


 

         (S2) 
where this is a proportionality because the right hand side has not yet been normalized.  The 
extent to which the state m  contributes to n  is therefore determined by the magnitude of
ˆm H n , that is, how strongly  
m  is coupled with n  by anharmonic terms in the potential, 
and the size of the zeroth-order energy difference between the two harmonic basis states, En  Em.   
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As described below, we used Equation S2 to evaluate the extent to which harmonic oscillator 
basis states with two quanta in the CH stretches are coupled to the low frequency HCCOO ring 
closure and HCCO torsion modes due to cubic terms in the anharmonic potential.  In order for the 
strongly anharmonic HCCO torsion to be accurately described by a low-order expansion of the 
potential, we calculated the cubic force constants in terms of the curvilinear normal coordinates.  
To do this, we used finite differencing with the small displacements, Qi, defined so that 
2 2 -1/ 2 10 cmi iQ   .  The Hessian matrix, , was determined at each of the displaced 
geometries and used to determine the first derivative of the Hessian matrix elements with respect 
to the curvilinear normal coordinates, 
   
     
eq
3 ˆ ˆ
2eq
eq eq
i i i i
i i iQ Q
Q Q Q Q Q QV
Q R R Q Q
 
 
 

    

   
  (S3) 
In the above expression, we have noted that the matrix elements of the Hessian matrix that are 
outputted from the electronic structure package are second derivatives of the electronic energy 
with respect to the internal coordinates.  The desired force constants are then obtained using the 
chain rule, so that 
       eq eqeq eq
3 1
3
j k i j k i
j k i i k jQ QQ Q
V
L L L L L L
Q Q Q Q Q Q
  
     
  
   
  
       
 
    (S4) 
Note that in the above expression, we are averaging over three ways of calculating the same force 
constant in order to reduce numerical error. 
The use of internal coordinates introduces kinetic energy coupling terms to the vibrational 
Hamiltonian because the effective inverse masses associated with displacements of internal 
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coordinates are generally functions of nuclear geometry.  Indeed, if the potential is expanded to 
third order 
 eq
2 3
2 1( )
2 6
i
i i j k
i ijk i j k Q
V
V Q Q Q Q Q
Q Q Q
 

  
       (S5) 
then the kinetic energy operator should be expanded to first order 
  
 eq
eq1 1
ˆ ˆ ˆ ˆ
2 2
ij
i ij j i k j
ij ijk k Q
G
T p G Q p p Q p
Q



       (S6) 
The matrix elements of G are defined in terms of the Jacobian relating the curvilinear internal 
coordinates, {R}, with the Cartesian coordinates, {Xk} as  
 
1
k k k kQ Q
RR
G Q
m X X




 
         (S7) 
This can be readily transformed to being in terms of the curvilinear normal coordinates using
    
1
1 T
ij i j
G Q L G Q L  


 .  The G-matrices are evaluated at each of the displaced geometries 
used to calculate the cubic force constants and the linear kinetic energy coupling constants are 
calculated as 
 
     
eq
eq eqˆ ˆ
2
ij k k ij k kij
k kQ
G Q Q Q G Q Q QG
Q Q
 

  

     (S8) 
Supplementary Text 
The results of the harmonic analysis of the barrier to the transition state described above are 
included in Table A3.  Before discussing the results in detail, it is worth noting that all of the 
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excitations listed in Table A3 cannot be simultaneously accessed because the sum of the 
excitation energies exceeds the available energy.  Part of this energy difference can be accounted 
for by the fact that the above treatment is based on a classical harmonic picture and does not 
include the effects of anharmonicity in the potential or tunneling.  The analysis also treats the 
vibrational motions as uncoupled.  While these are severe approximations, the quantum numbers 
reported in Table A3 nevertheless provide a qualitative sense of which modes must undergo a 
relatively large displacement in order to reach the transition state structure and hence are 
important in the overall unimolecular dissociation pathway. 
The data reported in Table A3 suggests that of the four CH stretching modes, only excitation of 
the methyl out-of-plane CH stretches (3 and 13) promotes unimolecular dissociation directly.  
However, the number of peaks in the experimental spectrum cannot be accounted for by 
excitations of only these two modes, and furthermore many of the bands appear to reflect 
transitions to strongly mixed or overlapping vibrational states.  Moreover, both Table A3 and the 
IRC analysis reported in Figure 4 show that other vibrational modes, most notably the ring-
closing and HCCO torsion modes (12 and 18), must undergo significant displacements from 
their equilibrium values in order for the transition state to be reached.  In addition, it should be 
noted that the methyl symmetric and asymmetric scissor modes (5 and 14), with frequencies 
approximately half of the CH stretches, also distort syn-CH3CHOO toward the transition state. 
In Table A4, we consider the extent to which harmonic oscillator basis states with two quanta in 
some combination of CH stretches are coupled to each other due to quartic terms in the expansion 
of the potential.(33)  Note that because the CH stretches are rectilinear, we used the standard 
definition of normal modes as linear combinations of Cartesian displacements for this part of the 
analysis.  For many of the pairs of states considered in Table A4, the magnitude of the matrix 
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element is within an order of magnitude of the energy difference between the states.  This 
suggests that the molecular eigenstates contain significant contributions from many different 
harmonic oscillator states with two quanta in the CH stretches.  In particular, Table A4 contains 
Table A4. Matrix elements and energy differences between harmonic oscillator basis states with 
2 quanta in the CH stretches that are significantly coupled by quartic terms in the Taylor 
expansion of the potential. 
State 1 State 2 |E| (cm-1)a Matrix Element 
(cm-1)b 
 
n
1
 2  
 
n
1
 1, n
2
 1  40.00 -31.18 
 
n
1
 2  
 
n
2
 2  80.02 7.23 
 
n
1
 1, n
2
 1  
 
n
2
 2  40.00 24.55 
 
n
1
 1, n
2
 1  
 
n
2
 1, n
3
 1  163.32 11.52 
 
n
1
 1, n
3
 1  
 
n
2
 2  83.30 8.43 
 
n
2
 2  
 
n
2
 1, n
3
 1  123.31 44.84 
 
n
1
 1, n
2
 1  
 
n
3
 2  286.63 5.21 
 
n
1
 1, n
3
 1  
 
n
2
 1, n
3
 1  163.32 7.58 
 
n
2
 2  
 
n
3
 2  246.62 20.64 
 
n
1
 1, n
3
 1  
 
n
3
 2  163.32 -4.32 
 
n
2
 1, n
3
 1  
 
n
3
 2  123.31 -23.50 
 
n
1
 1, n
2
 1  
 
n
13
 2  216.92 2.29 
 
n
1
 1, n
13
 1  
 
n
2
 1, n
13
 1  40.00 3.45 
 
n
2
 2  
 
n
13
 2  176.92 8.83 
 
n
1
 1, n
3
 1  
 
n
13
 2  93.62 -6.08 
 
n
1
 1, n
13
 1  
 
n
3
 1, n
13
 1  163.32 -8.99 
 
n
2
 1, n
3
 1  
 
n
13
 2  53.61 -33.08 
 
n
2
 1, n
13
 1  
 
n
3
 1, n
13
 1  123.31 -49.21 
 
216 
 
 
n
3
 2  
 
n
13
 2  69.70 58.67 
 
a The harmonic energy difference between the pairs of states coupled by quartic terms in the 
Taylor expansion of the potential. 
b The quartic force constants used to calculate these matrix elements were expressed in terms of 
the Cartesian coordinate normal modes.  This is a reasonable approach because the motion of CH 
stretches is relatively rectilinear.  
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several examples of states with excitation in only modes 1 and 2 that are significantly coupled 
to states with excitation in 3 and/or 13.  Therefore, a molecular eigenstate that is dominated by a 
zeroth-order state with excitation in only 1 and 2 will nevertheless have 3 and/or 13 excited 
state character and, as a result, be able to sample significant displacements along the reaction 
coordinate. 
In Tables A5-A7, we consider the extent to which harmonic oscillator basis states with two 
quanta in some combination of CH stretches are coupled to states with excitation in the ring 
closing (12) or HCCO torsion (18) modes by cubic terms in the Taylor expansion of the 
potential.  We performed this analysis in curvilinear normal coordinates as they provide a better 
description of the low frequency motions, in particular the HCCO torsion, than Cartesian 
coordinate normal modes and hence improve the accuracy of truncating the Taylor expansion at 
low order.(31)  The results of this analysis show that zeroth-order states containing only CH 
stretch excitation are coupled to harmonic oscillator basis states with excitation in modes 12 or 
18.  Therefore, a molecular eigenstate dominated by a pure CH stretch overtone or combination 
band will contain 12 and 18 excited state character, allowing the wave function to have non-zero 
amplitude in the transition state region.  Moreover, these tables show additional examples of the 
anharmonic potential coupling of harmonic oscillator basis states with excitation in modes 1 
and/or 2 with zeroth-order states that contain excitation in modes 3 or 13.  
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Table A5. Matrix elements and energy differences between harmonic oscillator CH stretch 
overtone states and states with excitation in the low frequency ring closing (12) or HCCO torsion 
(18) modes that are significantly coupled due to cubic potential and linear kinetic coupling terms 
in the vibrational Hamiltonian.a 
State 1 State 2 |E| (cm-1)b Matrix Element (cm-1) 
 
n
1
 2
  
n
1
 2,n
12
 1
 
 27.60 
 
n
1
 2
  
n
1
 1,n
3
 1,n
12
 1
 
 0.38 
 
n
1
 2
  
 0.63 
 
n
1
 2
  
n
1
 2,n
12
 3
 
 15.18 
  
n
2
 2,n
12
 1
 
 26.05 
  
n
2
 1,n
3
 1,n
12
 1
 
 -1.93 
 
n
2
 2
  
n
1
 1,n
2
 1,n
12
 1
 
 0.37 
 
n
2
 2
  
n
2
 2,n
12
 3
 
 15.18 
 
n
13
 2
  
n
13
 2,n
12
 1
 
 8.91 
 
n
13
 2
  
n
13
 2,n
12
 3
 
 15.18 
 
n
3
 2
  
n
3
 2,n
12
 1
 
 15.39 
 
n
3
 2
  
n
3
 1,n
2
 1,n
12
 1
 
 -0.33 
 
n
3
 2
  
n
3
 1,n
1
 1,n
12
 1
 
 0.18 
 
n
3
 2
  
n
3
 2,n
12
 3
 
 15.18 
  
 -3.45 
 
n
2
 2
  
n
2
 1,n
13
 1,n
18
 1
 
 9.05 
 
n
13
 2
  
n
13
 1,n
3
 1,n
18
 1
 
 14.34 
 
n
13
 2
  
n
13
 1,n
2
 1,n
18
 1
 
 13.35 
 
n
13
 2
  
n
13
 1,n
1
 1,n
18
 1
 
 -4.42 
 
n
3
 2
  
n
3
 1,n
13
 1,n
18
 1
 
 14.47 
  
n
1
 2,n
12
 1,n
18
 2
 
 25.09 
 
n
2
 2
  
n
2
 2,n
12
 1,n
18
 2
 
 25.09 
 
n
1
 1,n
2
 1,n
12
 1
 
n
2
 2
 
n
2
 2
 
n
1
 2
 
n
1
 1,n
13
 1,n
18
 1
 
n
1
 2
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n
13
 2
  
n
13
 2,n
12
 1,n
18
 2
 
 25.09 
 
n
3
 2
  
n
3
 2,n
12
 1,n
18
 2
 
 25.09 
a The cubic potential force constants used to calculate these matrix elements were expressed in 
terms of the curvilinear normal coordinates.  See text for details. 
b The harmonic energy difference between the pairs of states coupled by the cubic potential and 
linear kinetic coupling terms in the vibrational Hamiltonian.  
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Table A6. Matrix elements and energy differences between harmonic oscillator CH stretch 
combination band states involving mode and states with excitation in the low frequency ring 
closing (12) or HCCO torsion (18) modes that are significantly coupled due to cubic potential 
and linear kinetic coupling terms in the vibrational Hamiltonian.a 
State 1 State 2 |E| (cm-1)b Matrix Element (cm-1) 
 
n
1
 1,n
2
 1 
 
n
1
 1,n
2
 1,n
12
 1   26.82 
 
n
1
 1,n
2
 1 
 
n
1
 1,n
3
 1,n
12
 1   -1.37 
 
n
1
 1,n
2
 1
  
n
1
 1,n
2
 1,n
12
 3

 15.18 
 
n
1
 1,n
13
 1 
 
n
1
 1,n
13
 1,n
12
 1   18.25 
 
n
1
 1,n
13
 1 
 
n
1
 1,n
13
 1,n
12
 3   15.18 
 
n
1
 1,n
3
 1 
 
n
1
 1,n
3
 1,n
12
 1   21.49 
 
n
1
 1,n
3
 1 
 
n
1
 1,n
3
 1,n
12
 3   15.18 
 
n
1
 1,n
2
 1 
 
n
1
 1,n
13
 1,n
18
 1   6.40 
 
n
1
 1,n
2
 1 
 
n
2
 1,n
13
 1,n
18
 1   -2.44 
 
n
1
 1,n
13
 1 
 
n
1
 1,n
3
 1,n
18
 1   10.14 
 
n
1
 1,n
13
 1 
 
n
1
 1,n
2
 1,n
18
 1   9.44 
 
n
1
 1,n
13
 1 
 
n
1
 2,n
18
 1   -4.42 
 
n
1
 1,n
13
 1 
 
n
13
 2,n
18
 1   -3.45 
 
n
1
 1,n
3
 1
  
n
1
 1,n
13
 1,n
18
 1
 
 10.23 
 
n
1
 1,n
3
 1
  
n
13
 1,n
3
 1,n
18
 1
 
 -2.44 
 
n
1
 1,n
2
 1
  
n
1
 1,n
2
 1,n
12
 1,n
18
 2

 25.09 
 
n
1
 1,n
13
 1
  
n
1
 1,n
13
 1,n
12
 1,n
18
 2

 25.09 
 
n
1
 1,n
3
 1
  
n
1
 1,n
3
 1,n
12
 1,n
18
 2

 25.09 
a The cubic potential force constants used to calculate these matrix elements were expressed in 
terms of the curvilinear normal coordinates.  See text for details. 
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b The harmonic energy difference between the pairs of states coupled by the cubic potential and 
linear kinetic coupling terms in the vibrational Hamiltonian.  
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Table A7. Matrix elements and energy differences between harmonic oscillator CH stretch 
combination band states not involving mode and states with excitation in the low frequency ring 
closing (12) or HCCO torsion (18) modes that are significantly coupled due to cubic potential 
and linear kinetic coupling terms in the vibrational Hamiltonian.a 
State 1 State 2  |E| (cm-1)b Matrix Element (cm-1) 
 
n
2
 1,n
13
 1 
 
n
2
 1,n
13
 1,n
12
 1   17.48 
 
n
2
 1,n
13
 1 
 
n
2
 1,n
13
 1,n
12
 3   15.18 
 
n
2
 1,n
13
 1
  
n
3
 1,n
13
 1,n
12
 1

 -1.37 
 
n
2
 1,n
3
 1 
 
n
2
 1,n
3
 1,n
12
 1   20.72 
 
n
2
 1,n
3
 1 
 
n
2
 1,n
3
 1,n
12
 3   15.18 
 
n
2
 1,n
3
 1 
 
n
3
 2,n
12
 1   -1.93 
 
n
3
 1,n
13
 1 
 
n
3
 1,n
13
 1,n
12
 1   12.15 
 
n
3
 1,n
13
 1
  
n
3
 1,n
13
 1,n
12
 3
 
 15.18 
 
n
2
 1,n
13
 1
  
n
2
 1,n
3
 1,n
18
 1

 10.14 
 
n
2
 1,n
13
 1 
 
n
2
 2,n
18
 1   13.35 
 
n
2
 1,n
13
 1 
 
n
13
 2,n
18
 1   9.05 
 
n
2
 1,n
13
 1 
 
n
1
 1,n
2
 1,n
18
 1   -3.12 
 
n
2
 1,n
3
 1 
 
n
2
 1,n
13
 1,n
18
 1   10.23 
 
n
2
 1,n
3
 1 
 
n
13
 1,n
3
 1,n
18
 1   6.40 
 
n
3
 1,n
13
 1 
 
n
13
 2,n
18
 1   14.47 
 
n
3
 1,n
13
 1
  
n
3
 2,n
18
 1
 
 14.34 
 
n
3
 1,n
13
 1
  
n
2
 1,n
3
 1,n
18
 1
 
 9.44 
 
n
3
 1,n
13
 1
  
n
1
 1,n
3
 1,n
18
 1
 
 -3.12 
 
n
2
 1,n
13
 1
  
n
2
 1,n
13
 1,n
12
 1,n
18
 2

 25.09 
 
n
2
 1,n
3
 1
  
n
2
 1,n
3
 1,n
12
 1,n
18
 2

 25.09 
 
n
3
 1,n
13
 1
  
n
3
 1,n
13
 1,n
12
 1,n
18
 2

 25.09 
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a The cubic potential force constants used to calculate these matrix elements were expressed in 
terms of the curvilinear normal coordinates.  See text for details. 
b The harmonic energy difference between the pairs of states coupled by the cubic potential and 
linear kinetic coupling terms in the vibrational Hamiltonian. 
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APPENDIX III  
Direct production of OH radicals upon CH overtone activation of 
(CH3)2COO Criegee intermediates 
 
 
This research has been published in the Journal of Chemical Physics 141, 234312 (2014). 
Supporting information was performed with post-doctorate Joseph M. Beames, Marsha I. Lester 
in the Department of Chemistry, University of Pennsylvania.  This appendix was published as 
online supplementary material in the Journal of Chemical Physics, and is a supplement to 
Chapter 8 of this thesis. 
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Figure A1.  Expanded view of 5950.3 cm-1 feature in the IR action spectrum of (CH3)2COO.  A 
rotational band simulation (red) for a c-type CH stretch (A symmetry) with homogeneous line 
broadening is overlaid on the top for comparison, together with a simulation at laser bandwidth 
(blue).  Simulation parameters including the rotational temperature and the broadening are 
unchanged from Figure 3.   
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Figure A2.  Anharmonic infrared frequencies and intensities for (CH3)2COO (upper panel) and 1-
methylethenylhydroperoxide (H2C=C(CH3)OOH, MHP) (lower panel) calculated using DFT, the 
latter predicting a characteristic OH overtone stretch near 7000 cm-1.  This MHP feature has not 
been observed experimentally in extended IR scans. 
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APPENDIX IV  
Direct Observation of Vinyl Hydroperoxide 
 
 
The experimental research presented in the supporting information has been performed at the 
University of Pennsylvania and the theoretical calculations were performed in conjunction with 
Manoj Kumar and Ward H. Thompson in the Department of Chemistry, University of Kansas.  
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Experimental and Theoretical Methods 
The reactions of CH2OO, CH3CHOO, (CH3)2COO and CH3CH2CHOO Criegee intermediates 
with carboxylic acids are investigated in the present study.  Deuterated formic or acetic acid 
[DCOOD (Sigma Aldrich, 95 wt. % in D2O, 98 atom %D), CD3COOD (Sigma Aldrich, 99% 
purity, 99.5 atom %D) or CH3COOD (Sigma Aldrich, 99% purity, 99 atom %D)] is injected 
upstream of the pulsed valve and its vapor is entrained in 20% O2/Ar carrier gas (25 psi).  In some 
experiments, normal formic acid (Acros, 99% purity) or acetic acid (Fisher, glacial, 99.9% purity) 
is utilized.  The vapor from one of the diiodoalkane precursors (CH2I2, CH3CHI2, (CH3)2CI2 and 
CH3CH2CHI2) is introduced into the gas stream immediately before the pulsed valve.  Other than 
CH2I2 (Alfa Asear, 99% purity), the precursors CH3CHI2, (CH3)2CI2 and CH3CH2CHI2 are 
synthesized as in prior work.1  The gas mixture is pulsed through a solenoid valve into a quartz 
capillary tube (1 mm ID, 3 mm OD) reactor. 
The generation of the Criegee intermediates is analogous to earlier studies in this laboratory.1-3  
Radiation from a KrF excimer laser at 248 nm (Coherent, Complex 102, 80 mJ, 5 Hz) is loosely 
focused with a cylindrical lens on the capillary tube, irradiating about half of its length (36 mm) 
closest to the pulsed valve.  The precursor is photolyzed by the excimer laser, yielding an alkyl 
iodide radical product that subsequently reacts with O2 to form the Criegee intermediates.  The 
Criegee intermediates may also undergo further reaction with carboxylic acid in the gas mixture 
as it flows through the capillary tube into the vacuum chamber. 
The Criegee intermediates and other products, including vinyl hydroperoxide, are collisionally 
stabilized and thermalized in the capillary tube, cooled in a supersonic expansion, and travel 4 
cm downstream into the ionization region of a time-of-flight mass spectrometer (TOF-MS).  Both 
Criegee intermediates and vinyl hydroperoxide products are detected by photoionization using 
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focused fixed-frequency VUV radiation at 118 nm under collision-free conditions.  The VUV is 
generated by frequency tripling the third harmonic output of a Nd:YAG laser (Continuum 
Powerlite 9000, 355 nm, 20 mJ, 10 Hz) in a phase-matched Xe/Ar gas mixture.  The TOF-MS is 
processed with a digital oscilloscope (LeCroy WaveRunnner 6050A) and transferred to a 
laboratory computer for further analysis.   
Photoionization signals that are not dependent on excimer photolysis are subtracted from the 
mass spectra using an active background subtraction scheme; the excimer photolysis pulse (5 Hz) 
is present for every other VUV photoionization laser pulse (10 Hz).  The TOF mass spectra are 
recorded for mass channels (m/z) ranging from 0 to 200 amu.  Although 248 nm photolysis 
causes some fragmentation of the precursor and/or carboxylic acid that can be seen in lower mass 
channels, the present study focuses on the Criegee intermediates and adjacent mass channels.  Yet 
higher masses that might correspond to a potential adduct between the Criegee intermediate and 
carboxylic acid are not detected in the TOF spectrum.  Neither formic nor acetic acid are 
photoionized at 10.5 eV.4, 5 
Although CH3CHOO and CH2=CHOOH/D are expected to be ionized by single photon VUV 
excitation at 118 nm (10.5 eV), many other of their isomers may not be photoionized.  The latter 
include methyl dioxirane (VIE=10.8 eV; AIE=10.36 eV),6 glycolaldehyde HOCH2-CH=O (10.86 
eV, dissociative ionization),7 acetic acid (AIE=10.70 eV), and methyl formate (AIE=10.85 eV), 
which have ionization energies above 10.5 eV and will not be detected using 118 nm VUV 
radiation for ionization.  One additional isomer is bis(oxy) CH3CH(O)2, for which the AIE is 
predicted at 10.38 eV;6 however, this isomer has not been observed in previous studies6, 8 and 
seems to be an implausible product in the current study.  For (CH3)2COO and CH3CH2CHOO, 
other stable isomers exist with ionization potentials less than 10.5 eV, such as methyl acetate 
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(10.25 eV) and propionic acid (10.44 eV); these products are not expected to be formed directly 
in the carboxylic acid reactions. 
For UV-induced depletion studies, an unfocused UV laser at 300 nm (2 mJ) is introduced 100 
ns prior to VUV photoionization laser in a counter-propagating and spatially overlapped 
configuration.  The UV radiation is generated by frequency-doubling the output of a Nd:YAG 
(Continuum Powerlite 7020, 532 nm) pumped dye laser (Continuum ND6000) utilizing 
Rhodamine 640 dye and calibrated with a wavemeter (Coherent Wavemaster).   
For organic hydroperoxides, previous experimental studies indicate absorption cross sections on 
the order of 10-21 cm2 molec-1 at 300 nm, which is 5 orders of magnitude lower than that of the 
Criegee intermediates (10-17 cm2molec-1).9  Their absorption cross sections increase substantially 
(ca. 2 orders of magnitude) at 200 nm.10 Although the computed vertical excitation energies for 
various vinyl hydroperoxides lie near 200 nm (see Table S2), one may still anticipate very weak 
absorption for vinyl hydroperoxides at 300 nm (by analogy to other organic hydroperoxides), 
which is not detected in depletion measurements. 
All electronic structure calculations reported here have been performed using the NWChem11 and 
Gaussian0912 programs.  We have examined the reactions of syn-CH3CHOO, syn-CH3CH2CHOO 
and (CH3)2COO with carboxylic acids, HCOOH, CH3COOH, and CH3CH2COOH. For the 
reaction of syn-CH3CHOO with the simplest carboxylic acid, HCOOH, all the possible pathways 
were investigated.  However, for the reactions of syn-CH3CHOO with larger carboxylic acids, 
only low-energy or nearly barrierless pathways were calculated.  For larger Criegee 
Intermediates, syn-CH3CH2CHOO and (CH3)2COO, only low-energy pathways were calculated. 
The structures of all species were fully optimized at the M06-2X/aug-cc-pVTZ level of theory 
and the nature of each stationary point (minimum or saddle point) was verified by a vibrational 
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frequency analysis.  For the reaction of syn-CH3CHOO with the simplest carboxylic acid, 
HCOOH, the energy of the minima and transition states for the lower barrier pathways were 
recalculated at the CCSD(T)/aug-cc-pVTZ//M06-2X/aug-cc-pVTZ level; the resulting relative 
energies were within 0.5-2.5 kcal/mol of the M06-2X energies in all cases.13  Vertical ionization 
energies (VIEs) (Table S1) were calculated using the cation energy at the optimized geometry of 
the corresponding neutral molecule, while the adiabatic ionization energies (AIEs) (Table S1) 
were calculated from the energy difference between the optimized geometries of the cation and 
neutral.  The calculated AIEs are corrected for zero-point vibrational effects.  Finally, the UV-vis 
absorption wavelengths for various VHPs (Table S2) were calculated at the TD-B3LYP/6-
311+G(2d,p)//B3LYP/6-311+G(2d,p), TD-M06-2X/aug-cc-pVTZ//M06-2X/aug-cc-pVTZ, and 
EOMCCSD/aug-cc-pVTZ//M06-2X/aug-cc-pVTZ levels of theory.  
Recently reported photoionization efficiency curves for HPMF on the very weak parent mass and 
stronger fragment channels indicate an ionization threshold for HPMF of 10.05  0.05 eV.14  An 
AIE near 10.05 eV has been predicted for several conformers of HPMF, although a much higher 
(1.2 eV) VIE is expected due to the large geometry change between the ground and cationic 
state.14  A similarly large change between the VIE and AIE is predicted here for HPEF (Table 
S1), suggesting that only a weak photoionization signal will be observed near the AIE. 
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Figure A1.  VUV photoionization and resultant time-of-flight mass spectra upon reaction of 
CD3COOD with CH3CHOO (m/z 60), (CH3)2COO (m/z 74), CH3CH2CHOO (m/z 74) Criegee 
intermediates (black), and their partially deuterated vinyl hydroperoxide (VDP) products 
CH2=CHOOD, CH2=C(CH3)OOD, and CH3CH=CHOOD (black).  Upon UV irradiation at 300 
nm (blue), the Criegee intermediate signal is significantly depleted (50%) due to UV excitation 
on the strong B-X transition that removes population from the ground state prior to VUV 
photoionization, while the VDP signal is unchanged.  The slight broadening of VDP mass peaks 
is attributed to a small translational energy component (ca. 30 m/s based on SIMION 
simulations15) of the newly formed VDP products orthogonal to the molecular beam axis.   
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Figure A2. M06-2X/aug-cc-pVTZ calculated electronic energy profile for the reaction of syn-
CH3CHOO with HCOOH involving the formation of cis-secondary ozonide-type species. 
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Figure A3. M06-2X/aug-cc-pVTZ calculated electronic energy profile for the reaction of syn-
CH3CHOO with HCOOH involving the formation of trans-secondary ozonide-type species. 
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Figure A4. M06-2X/aug-cc-pVTZ calculated geometries of neutral (left) and cationic (right) 
hydroperoxy ethyl formate.  Key bond distances (in Å) are also shown. 
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Figure A5.  Photoionization TOF-MS signal intensities for the (CH3)2COO Criegee intermediate 
(m/z 74, black) and the CH2=C(CH3)COOD VDP product (m/z 75, blue) as a function of time 
after injecting deuterated acetic acid CD3COOD into the carrier gas upstream of the pulsed valve.  
A trace amount of CD3COOD was introduced to the system for initial optimization of 
experimental conditions, resulting in a nonzero baseline of VDP at early time.  A concomitant 
decrease in the Criegee intermediate (black arrow) and increase in the VDP product (blue arrow) 
signal is observed, indicating that as much as 50% of Criegee intermediates are converted to 
VDP, assuming equal ionization cross sections for the Criegee intermediate and VDP at 10.5 eV.   
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Table A1. Vertical and adiabatic ionization energies of key species.  The present calculations 
were carried out at the CCSD(T)/aug-cc-pVTZ//M06-2X/aug-cc-pVTZ level of theory.  The 
numbers in blue are calculated at the M06-2X/aug-cc-pVTZ level of theory.  
Species Cal. Exp. 
Present Previous 
Vertic
-al 
Adia-
batic 
Vertic
-al 
Adia-
batic 
Criegee 
Interme-
diate 
syn-CH3CHOO 9.42 
(9.33) 
9.28 9.496 9.386 9.48 
syn-CH3CH2CHOO 9.17  9.141   
(CH3) 2COO 8.79  8.711   
Vinyl  
Hydrope
-roxide 
CH2=CHOOH 9.60 
(9.61) 
9.09 9.516 9.186  
CH(CH3)=CHOOH 9.05     
CH2=C(CH3)OOH 9.25     
Carboxy
-lic  
Acid 
HCOOH 11.52 
(11.63
) 
11.23   11.34 
CH3COOH 10.88 
(10.96
) 
10.55   10.75 
CH3CH2COOH 10.82     
Hydrope
-roxy  
Alkyl 
Ester 
CH3CH(OOH)OC(O)H  
(HPEF) 
10.87 
(10.98
) 
9.39    
CH3CH(OOH)OC(O)CH3  
(HPEA) 
10.69     
CH3CH(OOH)OC(O)CH2CH3  
(HPEP) 
10.62     
CH3CH2CH(OOH)OC(O)H  
(HPPF) 
10.91     
CH3CH2CH(OOH)OC(O)CH3  
(HPPA) 
10.65     
CH3CH2CH(OOH)OC(O)CH2CH3 
(HPPP) 
10.57     
(CH3)(CH3)C(OOH)OC(O)H  
(HPiPF) 
10.84     
(CH3)(CH3)C(OOH)OC(O)CH3 
(HPiPA) 
10.59     
(CH3)(CH3)C(OOH)OC(O)CH2CH3 
(HPiPP) 
10.52     
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Table A2. Calculated vertical-excitation UV absorption wavelengths for various vinyl 
hydroperoxides (VHPs) studied in the present work.  The EOM-CCSD/aug-cc-pVTZ results are 
calculated from the M06-2X/aug-cc-pVTZ optimized geometries. 
  
VHP UV Absorption (nm) 
TD-B3LYP 
/6-311+G(2d,p) 
TD-M06-2X 
/aug-cc-pVTZ 
EOM-CCSD 
/aug-cc-pVTZ 
CH2=CHOOH 195.5 215.8 204.2 
CH2=C(CH3)OOH 214.2 216.5 205.6 
(CH3)CH=CHOOH 194.7 227.3 214.3 
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Table A3. M06-2X/aug-cc-pVTZ calculated energies of various species involved in the 
carboxylic acid-catalyzed gas-phase tautomerization of syn-CH3CHOO, syn-CH3CH2CHOO, and 
(CH3)2COO (298.15 K, 1 atm, kcal/mol).  All energies are reported with respect to the separated 
reactants. 
 
  
Criegee 
Intermediate 
Carboxylic 
Acid 
Int1 TS Int2 P 
ΔE ΔG ΔE ΔG ΔE ΔG ΔE ΔG 
syn-
CH3CHOO 
Formic acid -17.5 -7.1 -11.2 0.2 -31.8 -21.5 -21.9 -22.2 
Acetic Acid -17.0 -6.9 -10.4 1.2 -32.3 -22.2 -21.9 -22.2 
Propionic 
acid 
-18.1 -7.3 -11.3 0.6 -32.3 -21.9 -21.9 -22.2 
syn-
CH3CH2CHO
O 
Formic acid -19.0 -8.6 -11.5 0.0 -33.7 -23.6 -23.7 -24.0 
Acetic Acid -18.0 -6.9 -10.7 0.8 -34.0 -23.8 -23.7 -24.0 
Propionic 
acid 
-19.0 -7.6 -11.6 0.3 -33.9 -23.4 -23.7 -24.0 
(CH3)2COO Formic acid -20.4 -9.4 -12.5 -1.8 -29.2 -18.8 -18.7 -19.0 
Acetic Acid -19.6 -8.9 -11.2 0.3 -29.9 -19.1 -18.7 -19.0 
Propionic 
acid 
-20.5 -9.2 -11.9 0.1 -29.5 -18.6 -18.7 -19.0 
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Table A4. M06-2X/aug-cc-pVTZ calculated energies of various species involved in the 
hydroperoxy alkyl ester-forming gas-phase reaction of syn-CH3CHOO, syn-CH3CH2CHOO, and 
(CH3)2COO with carboxylic acids (298.15 K, 1 atm, kcal/mol).  All energies are reported with 
respect to the separated reactants. 
  
Criegee 
Intermediate 
Carboxylic 
Acid 
Hydroperoxy Alkyl Ester 
(HPEA) 
Reaction Energy 
ΔE ΔG 
syn-CH3CHOO Formic acid CH3CH(OOH)OC(O)H  
(HPEF) 
-43.0 -31.0 
Acetic Acid CH3CH(OOH)OC(O)CH3  
(HPEA) 
-43.4 -31.3 
Propionic 
acid 
CH3CH(OOH)OC(O)CH2CH3  
(HPEP) 
-43.4 -31.3 
syn-
CH3CH2CHOO 
Formic acid CH3CH2CH(OOH)OC(O)H  
(HPPF) 
-41.5 -29.4 
Acetic Acid CH3CH2CH(OOH)OC(O)CH3  
(HPPA) 
-41.6 -29.2 
Propionic 
acid 
CH3CH2CH(OOH)OC(O)CH2
CH3 (HPPP) 
-42.0 -29.2 
(CH3)2COO Formic acid (CH3)(CH3)C(OOH)OC(O)H  
(HPiPF) 
-38.2 -25.5 
Acetic Acid (CH3)(CH3)C(OOH)OC(O)CH
3 (HPiPA) 
-38.1 -25.1 
Propionic 
acid 
(CH3)(CH3)C(OOH)OC(O)CH
2CH3 
(HPiPP) 
-38.4 -25.3 
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